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(57) A drive system includes a reluctance motor (23), driving a load. The motor (23) has stator and rotor 
poles and magnetising windings for each stator pote. There are fewer rotor poles than stator poles. The 
airgap is small so that saturation occurs during pote overlap, and the poles are constructed so that there is 
torque overlap between phases as successive phases are energised during rotor rotation. A sensor (25) 
provides a rotor position input to a reference waveform generator (27). The output of generator (27) is 
determined by rotor position and is applied to a power converter (29) through a current controller (28). 
Accordingly the waveform generator establishes a relative magnitude for motor phase current for every 
position of the rotor during the period of energisation of a motor phase. A further input may be applied to 
the system to determine the absolute magnitude of the phase current, subject to the waveform pattern 
established by generator (27). The rotor poles may be skewed to modify the static torque versus rotor 
angle characteristic of the motor, the skew being between one-quarter and one-half of rotor pole arcuate 
extent 
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SPECIFICATION 

Variable speed variable reluctance electrical 
machines 

5 

The present invention relates to power drive 
systems for or incorporating variable reluc- 
tance electrical machines and to variable reluc- 
tance electrical machines for such systems. 
10 More particularly, the invention relates to 
power drive systems for doubly-salient vari- 
able or switched reluctance motors and to re- 
luctance motors of this kind for such power 
drive systems. The present invention also re- 

15 fates to a construction of variable reluctance 
machine operable as a generator. 

Variable reluctance motors are among the 
oldest of electrodynamic machines, but their 
industrial application was for many years inhi- 

20 bited by the lack of availability of suitable 
switching means for reliable progressive se- 
quential energisation of the stator poles to 
bring about rotation of the rotor. The lengthy 
history of relative lack of success in adapting 

25 variable reluctance electrical machines for use 
for higher power drives is emphasised in the 
discussion to the papers presented at the 
Small Machines Conference in 1976 (IEE Conf. 
Publ. 136, 1976 pp 93-96), where reference 

30 was made to the earliest such motors, de- 
signed in 1842 for railway use and demon- 
strably ancestors of todays machines. Refer- 
ence was also made to a subsequent machine 
of 1851. Several contributors commended on 

35 the curious circumstances that machines of 
this kind should for so long have failed to find 
a commercial role, and much of the discussion 
revolved around the difficulty of successfully 
applying reluctance motors to an everyday in- 

40 dustrial role. 

It would however appear that even the un- 
doubted advances discussed and described at 
that Conference did not bring about wide use 
of variable reluctance motors in substitution 

45 for conventional industrial AC and DC units. 
While variable reluctance motors have been 
used commercially in more recent times, in 
the form of stepping motors, the stepping 
motor is fundamentally a digital device con- 

50 trolled by pulsed inputs which yield predeter- 
mined output steps. The development of mi- 
croprocessor control systems has enhanced 
the utility of stepping motor drives, but none- 
theless these motors essentially remain suited 

55 to positioning applications and are not gener- 
ally suitable for delivering significant power 
outputs However the inherently high efficiency 
of the reluctance motor has caused the in- 
creasing availability of high power semicon- 

60 ductor switching devices in recent years to 
lead to increasing interest in the possibility of 
applying variable reluctance motors to higher 
power drives in industrial applications, while 
attention has also been drawn to the advan- 

65 tages of operating variable reluctance motors 



in the saturated mode, in which mode the re- 
luctance motor is especially efficient in con- 
verting electrical energy into mechanical work. 
Torque is generated in a reluctance motor 
70 when a rotor pole moves relative to a stator 
pole from a position of maximum reluctance 
into a pole overlap configuration in which the 
reluctance is a minimum. In a practical con- 
struction, a variable reluctance motor typically 
75 has a number of paired rotor poles and a 
greater number of paired stator poles. Thus 
there is a plurality of possible stable minimum 
reluctance positions, in each of which one pair 
of rotor poles is aligned with one pair of sta- 
80 tor poles. Each stator pole pair is provided 
with energising windings and when a particular 
pair is energised, a corresponding pair of rotor 
poles will move into alignment with those sta- 
tor poles, thereby developing torque. If energi- 
85 sation is then switched from that pair of sta- 
tor windings to an appropriate other pair, the 
rotor may then be rotated further through an 
angle determined by the relationship between 
the numbers of rotor and stator poles to a 
90 new stable minimum reluctance position, and 
so on by further sequential energisation. In 
particular when intended for a stepping drive, 
the machine may incorporate permanent mag- 
nets so that a force tending to hold the rotor 
95 in a specific displacement relative to the stator 
exists, even in the absence of energising cur- 
rents. Alternatively the stator poles may be 
magnetised only when exciting currents are 
present. In the absence of permanent mag- 
100 nets, currents in the reluctance motor are uni- 
polar, i.e. they only flow through the windings 
in one direction, and the rotational direction of 
the machine is reversed by changing the order 
in which the windings are energised during . 
105 each revolution of the rotor, rather than by 

reversing the direction of current flow through 
these windings. Accordingly for one direction 
of rotation, the stator pole windings are ener- 
gised so that the rotor poles move into 
1 10 alignment with appropriate stator poles from 
one circumferential side of the stator poles. 
For the other direction of rotation, the se- 
quence of stator winding excitation is such 
that the rotor poles move into alignment with 
1 15 stator poles from the other circumferential 
side of the stator pole. 

In a machine with a multiplicity of poles 
therefore, the rotor may rotate to bring a pair 
of rotor poles into a configuration of minimum 
120 reluctance with a particular pair of stator poles 
from either of two directions, so that each 
pair of rotor poles has two possible positions 
of maximum reluctance relative to a particular 
stator pole pair, one such position being to 
125 one circumferential side of that pole pair and 
the other maximum reluctance position lying to 
the other circumferential side of the stator 
poles in question. Accordingly for a particular 
direction of rotation, the sequence of energiua- 
130 tion of the stator pole windings is that which 
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will induce rotation of the rotor in the desired 
direction to bring rotor poles into a minimum 
reluctance relationship with stator pole pairs 
from the appropriate circumferential side of 
5 the stator poles. Furthermore since each sta- 
tor pole winding pair or phase may be ener- 
gised to bring about either forward or reverse 
rotation, thereby also developing either for- 
ward or reverse torque at the motor drive 
10 shaft, when therefore the windings are under- 
going sequential energisation to produce rota- 
tion in a selected direction, they should not be 
energised to any significant extent during the 
periods while rotor poles are moving away 
15 from their minimum reluctance dispositions in 
alignment with stator poles towards their max- 
imum reluctance dispositions in relation to 
these stator poles, from which their displace- 
ment towards these poles begins for rotation 
20 in the opposite direction. Energisation at this 
time will develop an opposing torque, acting 
against the torque now being developed dur- 
ing the continuing rotation of the rotor by the 
movement of a further pair of rotor poles into 
25 a minimum reluctance configuration with the 
next pair of stator poles now being energised 
in due turn for this continuing rotation. Thus 
each electrical cycle for each stator pole wind- 
ing phase, i.e. typically a pair of stator pote 
30 windings, is distinguished by a half-cycle dur- 
ing which the phase is energised to produce 
torque to rotate the rotor in the selected di- 
rection, i.e. forward or reverse, and a further 
half-cycle during which the phase windings re- 
35 mam de-energised so that substantially no tor- 
que is developed which would tend to oppose 
the desired direction of rotor rotation. Reversal 
of the direction of rotation of the rotor in- 
volves therefore interchange of the energised 
40 and quiescent periods of the electrical cycle 
for each motor phase. 

A variable reluctance motor may have typi- 
cally three or four phases and during the per- 
iod of excitation of each phase, one or more 
45 pairs of stator pole windings are energised for 
the appropriate half-cycle. 

The torque developed during the movement 
of a particular pair of rotor poles relative to an 
appropriate pair of stator poles may be 
50 plotted experimentally against the rotor angle, 
while the stator pole windings are energised 
with a DC current to produce a so-called sta- 
tic torque/rotor angle characteristic. The phase 
torque output of the machine during operation 
55 may then be derived by plotting torque 
against rotor angle for the specific value of 
current with which each phase is energised at 
each angular position of the rotor. When the 
phases are energised with constant currents in 
60 an on-off manner, as is conventional in step- 
ping motor practice, the phase torque output 
of the machine will have essentially the same 
shape as the static torque characteristic for 
each phase for the half-cycle appropriate to 
65 the desired direction of rotation. By suitable 



design of the machine in terms of rotor and 
stator dimensions, the start of the torque-pro- 
ducing region or half-cycle of each incoming 
phase may be arranged to overlap that of the 
70 outgoing preceding phase so that there is con- 
tinuity of torque throughout the rotation of the 
motor by virtue of this phase torque overlap. 
Net output torque at the shaft is then com- 
puted by adding the phase torques. Depending 
75 on the precise shapes and angular extents of 
the phase torques, this net torque may exhibit 
a significant ripple during torque transition be- 
tween phases. 
In the application of known stepping motor 
80 systems to variable speed drives, it has been 
found that torque ripple during phase to phase 
transitions is significant and may be such as 
to render the motor unacceptable for such 
drives. In such systems, the static torque 
85 against rotor angle characteristic for a single 
phase of a saturable variable reluctance motor 
during a rotor displacement from a maximum 
reluctance position to a minimum reluctance 
position is typically distinguished by a very 
90 rapid initial rise in torque as pole overlap com- 
mences, followed by a period during which 
torque remains substantially constant while 
pole overlap progresses towards full overlap, 
and the characteristic terminates with a roll-off 
95 portion during which torque drops significantly 
as full overlap is achieved and the relevant 
rotor pole moves into a disposition of mini- 
mum reluctance. Further displacement of the 
rotor relative to the stator then leads to the 
100 poles moving out of overlap and the static 
torque characteristic of this displacement is 
substantially an inverse mirror image, about 
the zero-torque full overlap condition, of that 
for the displacement into the overtop condi- 
105 tion, the direction in which the torque is ex- 
erted being reversed. This negative torque de- 
veloped by the further relative displacement of 
the rotor and stator poles from their minimum 
reluctance relationship terminates with arrival 
1 10 of the rotor in a new position of maximum 
reluctance, from which a further complete cy- 
cle may commence with displacement of the 
rotor pole into overlap with a further stator 
pole taking place. While the magnitude of the 
115 peak static torque will vary depending on the 
level of energising current, the general shape 
of this characteristic remains the same for all 
levels of excitation. Accordingly regardless of 
the extent of the overlap between successive 
120 phase torques and the levels of the exciting 
currents, each incoming phase torque-generat- 
ing half-cycle has a region during which torque 
rises very rapidly and typically much more ra- 
pidly than the rate at which torque produced 
125 by the torque-generating half-cycle of the out- 
going phase decays, so that the net machine 
torque is not smooth and the phase to phase 
torque transfers are distinguished by substan- 
tial torque fluctuations or ripple. 
1 30 Apart from its deleterious effect on torque 
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smoothness during transition between phases, 
this rapid torque rise experienced in many 
known reluctance motors at the start of pole 
overlap, especially when the windings are en- 
5 ergised with constant or stepform energising 
currents, also frequently leads to generation of 
vibration and noise in operation of the motor. 
The rapidly rising force at the start of the 
torque/angle characteristic has the same effect 
10 as an impulsive "hammer-type" blow. Structu- 
ral resonance in the motor may be triggered 
by the repeated torque impulses, leading to 
inter alia stator bell mode vibration in which 
the inward attraction of diametrically opposite 
15 stator poles produces an electrical deformation 
of the stator. As this deformation progresses 
around the stator, a bell-like resonance is pro- 
duced. Other modes of resonance may include 
a rotor radial mode arising from deflection or 
20 distortion of the rotor under the electrical 
forces, bearing rattle which may arise out of 
any looseness in the fit of the bearings on the 
rotor shaft, and a torsional mode excited by 
the rotation-inducing torsional forces acting on 
25 the rotor. Any or all of these modes of reso- 
nance may be present and result in noise and 
vibration. While they may be damped by such 
known methods as the use of heavier bear- 
ings and structures than are required by elec- 
30 tromagnetic considerations alone, such a solu- 
tion is not fundamentally a satisfactory answer 
to the vibration and resonance problems fre- 
quently experienced in these machines. 
The achievement of torque smoothness and 
35 freedom from noise and vibration in operation 
are both dependent on the complex static-tor- 
que versus rotor angle characteristic of the 
variable reluctance motor but are not necessa- 
rily cured by the same remedies, and in parti- 
40 cular a motor in which the characteristics are 
such that the torque ripple at phase torque 
transitions is perhaps acceptable for certain 
drive purposes may not necessarily be distin- 
guished by silent and vibration-free operation. 
45 Variable reluctance machines for use in 

power drives have been described in U.S. Pa- 
tent Specifications Nos. 3,062,979 and 
3,171,049 of Jarret and U.S. Patent Specifica- 
tion No. 3,956,678 of Byrne and Lacy. In U.S. 
50 Patent Specification No. 3,062,979 of Jarret, 
the saturation induction in the rotor teeth 
magnetic material of a variable reluctance elec- 
tric machine is reduced to between 15 and 
85% of the maximal induction selected for the 
55 magnetic circuit material of the machine, with 
the purpose of allowing magnetic fields of 
relatively large strength to be developed in the 
gaps adjacent the polar areas without exces- 
sive losses and to promote a high ratio of 
60 output power of the machine to its weight. In 
order to achieve this object, the rotor teeth 
are constituted by alternate sheets of mag- 
netic material interspersed with non-magnetic 
material such as lamina-shaped airgaps. Jar- 
65 ret s U.S. Patent Specification No. 3,171,049 



describes a development of the machine of 
the earlier Specification No. 3.062.979 in 
which the rotor is divided into two co-axial 
half-rotors axially spaced apart and secured to 
70 each other and to a common rotatable shaft. 
The stator is similarly divided and the wind- 
ings are then connected in the form of a four- 
impedance bridge in order to achieve effective 
decoupling of the AC and DC circuits of the 
75 machine and thereby an improved level of ma- 
chine efficiency. In another aspect the machine 
of this patent specification is shown to have a 
plurality of rotor teeth, each of which is de- 
fined by a number of sectoral fanned-out por- 
80 tions, so that the movement of the tooth past 
a stator pole is accompanied by a stepwise 
change in magnetic characteristic and the ma- 
chine may be operated substantially with sine- 
wave current. The purpose of this arrange- 
85 ment is to alter the waveform of the induced 
voltage from the substantially rectangular 
shape induced by the movement of a rotor 
tooth past a stator pole in those constructions 
of machine in which the rotor teeth have con- 
90 stant magnetic properties throughout their an- 
gular development. In the particular construc- 
tions shown in U.S. Specification No. 
3,171.049, each tooth is defined by a plural- 
ity of groups of sectoral projections, the 
95 groups being spaced apart in the axial direc- 
tion by air gaps and each tooth being defined 
by four laminations in a fanned array so that 
each step in the stepwise change of magnetic 
characteristic involves a stepform incremental 
100 increase or decrease of one fifth, as each 
tooth lamination comes beneath or moves 
away from a stator pole. In U.S. Patent Speci- 
fication No. 3.956,678, stepping motor tech- 
niques are described in which simplification of 
105 the drive and a gain in specific output and 

efficiency are achieved by constructions ensur- 
ing maximum saturation of magnetic flux at 
the stator pole faces, the airo;»ns h^tween as- 
sociated stator and rot^' n^le faces being 
1 10 minimal. A rotor pole structure is aescriDed in 
which a leading part of each rotor pole sur- 
face is undermined by deep trapezoidal slots 
to reduce the gap flux density compared with 
the unslotted pole surface portions, the objec- 
115 tive being to extend the mechanical displace- 
ment of the rotor over which a uniform rate 
of flux increase occurs to correspond to one 
stator pole pitch, thereby also providing tor- 
que continuity with a two-phase configuration. 
120 Non« of these prior art documents contain 
any comprehensive consideration of the prob- 
lems of torque ripple and noise generation dis- 
cussed above. While the Jarret patent specifi- 
cations disclose a number of features relating 
125 to reluctance motor torque in general, the al- 
leged improvement in torque output achieved 
by reducing the packing factor of the lami- 
nated steel in the pole face in the arrangement 
of U.S. Patent No. 3,062,979 appears to be 
130 based on a misconception, since the mean 



4 



GB2 167910A 



4 



torque is in fact always reduced by such mea- 
sures, although reducing the packing factor in 
the pole face does in some cases offer the 
possibility of altering the shape of the static 
5 torque against angle diagram at constant cur- 
rent with little if any significant loss of static 
mean torque. In an arrangement described by 
Byrne and Lacy in a paper entitled "Character- 
istics of Saturable Stepper and Reluctance Mo- 

10 tors" delivered to the Small Machines Confer- 
ence in 1976 (IEE Conf. Publ. 136, 1976 pp 
93-96), an echelon array of rotor stampings 
of graded arc length is used, by virtue of 
which an improved degree of torque unifor- 

15 mity is achieved over the step length of 90°. 
By virtue of the echelon array, the constriction 
cross-section in the overlap between stator 
and rotor increases linearly over the 90° step 
length arc. 

-20 In the classic stepper motor such as is fre- 
quently used in computer peripherals and also 
to some extent in numerically controlled ma- 
chine tools for positioning movements, the 
problems of torque transitions and torque rip- 
25 pie are not of major consequence, since the 
motor is essentially used only for digital posi- 
tioning purposes in which its incremental oper- 
ation or stepping advance between positions 
of minimum reluctance of the rotor is em- 
30 ployed and it is not called upon to develop 
significant levels of power. Thus, the exact 
shape of the static torque versus angle char- 
acteristic is not of major consequence, since 
the power levels in question are modest and 
35 the impulsive force generated by the initial 
sharp increase in torque as overlap com- 
mences is sufficiently small in absolute terms 
as not to be of great significance insofar as 
noise and vibration generation is concerned. In 
40 addition, it has been observed that in for 
example a 200-step permanent magnet step- 
ping machine, in which the stator and rotor 
teeth are defined by semicircular cutouts in 
the stator pole faces and the rotor periphery 
45 respectively, these cutouts defining the gaps 
between the teeth, the successive torque ver- 
sus angle characteristics of the phases tend to 
be smoothed and may attain an approximately 
sinusoidal shape. Since in a stepper motor of 
50 this kind, the number of teeth is large relative 
to the dimensions of the rotor and stator, the 
airgap between the rotor and stator is also 
relatively large in terms of the dimensions of 
the individual teeth, and it is believed that this 
55 may contribute to the smoothed shape of the 
torque-angle curve. In a technique known as 
microstepping, a stepper motor of this kind 
may be fed with individually controlled cur- 
rents m its individual phases so as to produce 
60 null positions additional to those arising from 
the rotor positions of minimum reluctance. In 
one such technique, the phase currents are 
applied in the form of sine and cosine waves 
dependent on the angle of electrical phase dis- 
65 placement. The system employed uses a 



counter which accepts a series of input sig- 
nals in the form of pulses and generates digi- 
tal numbers representing the sine and cosine 
values, look-up tables in the form of ROMs 
70 being usable for this conversion. The resulting 
reference signals are used to control the cur- 
rent by means of a chopper drive. 

It is an object of the present invention to 
provide a power drive system for or incorpo- 
75 rating a variable reluctance motor in which 
transition between phase torques is achieved 
without substantial variation in net machine 
torque output. It is a further object of the 
invention to provide a power drive system for 
80 a variable reluctance machine in which structu- 
ral resonance of the machine in operation is 
limited by control of the resonance-exciting 
forces developed during operation of the ma- 
chine. Still further objects of the present in- 
85 vention include the development of a variable 
reluctance machine in which the ratio of tor- 
que to inertia is high and the provision of a 
variable speed variable reluctance machine 
capable of economical manufacture. 
90 According to a first aspect of the invention, 
there is provided a drive system comprising a 
saturable variable reluctance electrical motor, 
said motor comprising a stationary or driving 
member having a plurality of salient driving 
95 poles, a magnetising winding for each driving 
pole, and a movable or driven member having 
a plurality of salient driven poles, the number 
of driven poles being less than the number of 
driving poles, the airgap between each driving 
100 pole and a driven pole positioned in alignment 
therewith being small relative to the dimen- 
sions of the poles transverse to said airgap 
and at least the driven poles being formed so 
that in operation of the motor magnetic satu- 
105 ration occurs substantially in the region of the 
mechanically variable interface or overlap be- 
tween the driving and driven poles, and the 
extents and dispositions of the driven poles 
being related to those of the driving poles so 
110 that in operation of the motor the force-pro- 
ducing increment of driven member displace- 
ment resulting from the mechanical interface 
or overlap of each driven pole with a driving 
pole overlans th* for^e-producing increment of 
115 driven member displacement resulting trom the 
overlap of another driven pole with a further 
driving pole, and the system also comprising 
driven member position-sensing means for 
generating at least one signal, the instantane- 
120 ous value of which is dependent on the posi- 
tion of the driven member, and power supply 
means including a voltage source or sources 
connectible across the driving pole windings, 
said windings being connectible across said 
125 source or a said source in a predetermined 
sequence during driven member displacement 
and each driving pole winding being thus con- 
nectible for a predetermined increment of 
driven member displacement, and the power 
130 supply means also including means for regulat- 
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ing the instantaneous magnitude of the current 
in a driving pole winding when connected to 
said source or a said source, said current- 
regulating means being responsive to the or a 
5 said driven member position-dependent signal 
of the driven-member position-sensing means 
to regulate said current magnitude so that the 
instantaneous value of said current set by said 
regulating means at any position of the driven 
10 member within said increment of driven mem- 
ber displacement during which the winding is 
connectible to said source or a said source 
relative to its value at any other said position 
is substantia Mv/ determined by the instantane- 
15 oub ponton ot the onven member. 

While the present invention is for the most 
part described in relation to rotational embodi- 
ments in the following text, the principles em- 
bodied in it may also be applied to a linear 
20 geometry of motor, as set out in the forego- 
ing definition of the first aspect of the inven- 
tion, in which a substantially planar driven 
member or "rotor" is displaceable past a 
fixed member or "stator"unit of the linear mo- 
25 tor. The current control feature may be ap- 
plied to such a construction in precisely the 
same manner as subsequently set out herein 
for rotating machines, it being understood that 
the terms "stator" and "rotor" as applied to 
30 a linear motor equate to or represent a driving 
member and driven member respectively, and 
references to the circumferential and axial di- 
rections in a rotary construction correspond to 
the direction of driven member displacement 
35 and a direction transverse to that displace- 
ment in a linear motor. 

In a rotary constructions according to the 
first aspect of the invention, there is provided 
a drive system comprising a saturable variable 
40 reluctance electrical motor, said motor com- 
prising a stator having a plurality of salient 
stator poles, a magnetising winding for each 
stator pole, and a rotor having a plurality of 
salient rotor poles, the number of rotor poles 
45 being less than the number of stator poles, 
the radio, airyap between each stator pole and 
a rotor pole positioned ig alignment therewith 
being small relative to the dimensions of the 
poles transverse to said airgap and at least 
50 the rotor poles being formed so that in oper- 
ation of the motor magnetic saturation occurs 
substantially m the region of the mechanically 
variable interface or overlap between the sta- 
tor and rotor poles, and the arcuate extents 
55 and dispositions of the rotor poles being re- 
lated to those of the stator poles so that in 
operation of the motor the torque-producing 
angular increment of rotor rotation resulting 
from the mechanical interface or overlap of 
60 each rotor pole with a stator pole overlaps the 
torque-producing angular increment of rotor 
rotation resulting from the overlap of another 
rotor pole with a further stator pole, and the 
system also comprising rotor position-sensing 
65 means for generating at least one signal, the 



instantaneous value of which is dependent on 
the angular position of the rotor, and power 
supply means including a voltage source or 
sources connectible across the stator pole 

70 windings, said windings being connectible 
across said source or a said source in a pre- 
determined sequence during rotor rotation and 
each stator pole winding being thus connecti- 
ble for a predetermined angular increment of 

75 rotor rotation, and the power supply means 
also including means for regulating the instan- 
taneous magnitude of the current in a stator 
winding when connected to said source or a 
said source, said current-regulating means be- 

80 ing responsive to the or a said rotor position- 
dependent signal of the rotor position-sensing 
means to regulate said current magnitude so 
that the instantaneous value of said current 
set by said regulating means at any angular 

85 position of the rotor within said angular incre- 
ment of rotor rotation during which the wind- 
ing is connectible to said source or a said 
source relative to its value at any other said 
angular position is substantially determined by 

90 the instantaneous angular position of the ro- 
tor. 

By thus controlling the relative instantaneous 
magnitude of the current input to typically, 
each pair of stator phase windings of a ma- 
95 chine as they are sequentially energised, in 
accordance with the angular position of the 
rotor within the appropriate angular segment 
of rotor rotation, the torque developed by 
each phase of the machine during its period of 
100 energisation may be closely controlled so that 
the detrimental effects of rapid torque rise at 
the staa of pole overlap and torque ripple 
where the torques of successive phases over- 
lap may be minimised. For example, during 
105 torque overlap, the current in the outgoing 

phase may be regulated so that the torque of 
that phase is reduced at a rate such that the 
torque developed by the outgoing phase taken 
together with the torque being developed by 
1 10 the incoming phase amounts to a substantially 
constant net machine torque output. The con- 
trol of torque achievable by current regulation 
may also significantly reduce or substantially 
eliminate the "hammer-blow" described 
1 15 above, which is typically experienced at the 
start of pole overlap, and thereby also im- 
prove machine performance in terms of noise 
and vibration. 

In a second aspect, the invention provides a 
120 saturable variable reluctance electrical machine 
comprising a stationary or driving member 
having a plurality of salient driving poles, a 
winding for each driving pole, a movable or 
driven member having a plurality of driven 
125 poles, the number o: driven poles being less 
than the number of driving poles, the airgap 
between each driving pole and a driven pole 
positioned in alignment therewith being small 
relative to the dimensions of the poles 
130 transverse to said airgap and at least the 
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driven poles being formed so that in operation 
of the machine magnetic saturation occurs 
substantially in the region of the mechanically 
variable interface or overlap between the driv- 
5 ing and driven poles, the extents and disposi- 
tions of the driven poles being related to 
those of the driving poles so that in operation 
of the machine the force-producing increment 
of driven member displacement resulting from 

10 the mechanical interface or overlap of each 
driven pole with a driving pole overlaps the 
force-producing increment of driven member 
displacement resulting from the overlap of 
another driven pole with a further driving pole, 

15 each driven pole and each driving pole having 
edge regions spaced apart in the direction of 
relative displacement of the driven and driving 
members, said spacing of said edge regions 
being substantially constant throughout the ex- 

20 tent of the pole in a direction transverse to 
said direction of relative displacement and 
each said edge region being defined in said 
transverse direction of the pole by a succes- 
sion of edge region portions, each said edge 

25 region portion being displaced in said direction 
of relative displacement with respect to the or 
each adjacent edge region portion of said 
edge region, each said edge region portion 
being advanced in said direction of relative 

30 displacement with respect to the preceding 
edge region portion or each said edge region 
portion being set back in said direction of 
relative displacement with respect to the pre- 
ceding edge region portion so that said edge 

35 region is skewed relative to said direction of 
relative dtspiacement, and the spacing in said 
direction of relative displacement between the 
edge region portion at one transverse end of 
one of satd edge regions of the pole and that 

40 at the other transverse end of the same edge 
region being between one quarter of the con- 
stant extent of the pole in said direction of 
relative displacement and a value equal to said 
extent. 

45 In a rotary construction, a saturable variable 
reluctance electrical machine according to this 
second aspect of the invention comprises a 
stator having a plurality of salient stator poles, 
a winding for each stator pole, a rotor having 

50 a plurality of rotor poles, the number of rotor 
poles being less than the number of stator 
poles, the radial airgap between each stator 
pole and a rotor pole positioned in alignment 
therewith being small relative to the dimen- 

55 sions of the poles transverse to said airgap 
and at least the rotor poles being formed so 
that tn operation of the machine magnetic sa- 
turation occurs substantially m the region of 
the mechanically variable interface or overlap 

60 between the stator and rotor poles, th arcuate 
extents and dispositions of the rotor poles be- 
ing related to those of the stator poles so 
that in operation of the machine the torque- 
producing angular increment of rotor rotation 

65 resulting from the mechanical interface or 



overlap of each rotor pole with a stator pole 
overlaps the torque-producing angular incre- 
ment of rotor rotation resulting from the over- 
lap of another rotor pole with a further stator 
70 pole, each rotor pole and each stator pole 
having respective circumferentially spaced 
apart edge regions, the circumferential spacing 
of said edge regions being substantially con- 
stant throughout the axial extent of the pole 

75 and each said edge region being defined in 
the axial direction of the pole by a succession 
of edge region portions, each said edge region 
portion being circumferentially displaced rela- 
tive to the or each adjacent edge region por- 

80 tion of said edge region, the circumferential 
displacement of each said edge region portion 
being in the same circumferential direction 
relative to the preceding edge region so that 
said edge region is skewed relative to the axis 

85 of rotation of the machine, and the circumfer- 
ential displacement of the edge region portion 
at one axial end of one of said edge regions 
of the pole relative to that at the other axial 
end of the same edge region being between 

90 one quarter of the constant arcuate extent of 
the pole and a value equal to said arcuate 
extent. 

In variable reluctance machines according to 
the present invention, the form or structure of 
95 a* least the driven poles is of importance, in 
addition to minimisation of tne otrgap, in en- 
surinq that in operation bt the machine, maq- 
rietic saturation occurs substantially m tne re- 
gion of the overlap between driven and driving 

100 pole? The pole shaping wnich is a particular 
feature of the invention in its second aspect 
may be arranged to cause the reluctance of 
the machine to vary in a predetermined and 
controlled manner during the initial overlap of 

105 a pair of rotor poles with a pair of stator 
poles and thereby modify the shape of the 
static torque/rotor angle characteristic so as 
to reduce in particular the rapid rate of rise of 
torque normally experienced at the commence- 

1 10 ment of pole overlap. The rates of change of 
phase torque thus achievable facilitate the ex- 
tension of the torque-generating portion of 
each phase while still providing relatively 
smooth transitions between the phases. Pole 

1 15 shaping also facilitates phase winding current 
control, in that the phase currents may follow 
a more regular pattern of change between 
successive rotor positions, thus enabling the 
required current waveshapes to be more read- 

120 1 1 v provided, especially at high rotational 
speeds. 

The present invention relates particularly to 
variable reluctance machine structures in which 
the polefaces of at least the driving poles are 

125 substantially smooth or continuous, i.e thev 
are undivided In this, polefaces of machines 
according to the invention differ from the 
multi-toothed arrangements used in particular 
for stepping or micro-stepping motors. This. 

130 in constructions of machine according to 
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either of the foregoing aspects of the inven- 
tion, the poleface of at least each driving or 
stator pole may suitably define a substantially 
continuous surface facing said airgap. 
5 In drive systems according to the invention, 
said current-regulating means is preferably re- 
sponsive to said rotor-position dependent sig- 
nal to regulate said current magnitude so that 
successive instantaneous values of said cur- 

10 rent during an initial portion of said angular 
increment of rotor rotation during which the 
winding is connectible to said source or a said 
source increase progressively with progressive 
rotation of the rotor and successive instanta- 

15 neous values of said current during a terminal 
portion of said angular increment decrease 
progressively with said progressive rotation. In 
this way, the rate of increase of the torque 
developed by each incoming phase may be 

20 matched to the rate of decrease of the torque 
produced by each outgoing phase so that a 
substantially smooth torque transition may be 
achieved for substantially any shape of static 
torque/rotor angle characteristic. 

25 Said current-regulating means may be re- 
sponsive to said rotor-position dependent sig- 
nal to regulate said current magnitude so that 
the rate at which successive instantaneous 
values of said current decrease during said 

30 terminal portion of said angular increment of 
rotor rotation is substantially the same as the 
rate of increase of successive instantaneous 
current values during said initial portion and 
the succession of instantaneous current values 

35 over said angular increment of rotor rotation 
substantially defines a substantial^ symmetri- 
cal current waveshape extending over said an- 
gular increment. This feature can be especially 
advantageous for bi-directional operation of a 

40 reluctance motor in that the current-regulating 
means may apply similar current waveshapes 
to the windings irrespective of the direction of 
rotation, thus facilitating a particularly advan- 
tageous realisation of the power supply 

45 means. 

Said current-regulating means may also be 
responsive to said rotor-position dependent 
signal to regulate said current magnitude so 
that successive instantaneous values of said 

50 current during said initial portion of said angu- 
lar increment of rotor rotation substantially de- 
fine the rising current region of a substantially 
sinusoidal current halfwave and successive in- 
stantaneous values of said current during said 

55 terminal portion of said angular increment sub- 
stantially define the falling current region of a 
substantially sinusoidal current halfwave. The 
particular advantage of this feature resides in 
the relative ease with which smewaves or 

50 parts of smewaves may be produced or syn- 
thesised, especially at high rotational speeds, 
compared with other waveshapes. In the ap- 
plication of the system of the invention to a 
three-phase motor, waveshapes having initial 

65 and terminal portions, each of which is part of 



a sinewave, may be used, with the wavesh- 
apes having a constant current portion extend- 
ing between the peak value of the initial rising 
current region of the waveshape and the peak 
70 value with which the terminal falling current 
region commences. 

An intermediate portion of said angular 
increment of rotor rotation may be interposed 
between said initial and terminal portions. The 
75 angular increment of rotor rotation may thus 
be considered as being made up of three por- 
tions, an initial portion, an intermediate portion 
and a terminal portion, and said current mag- 
nitude may remain substantially constant dur- 
80 ing said intermediate portion of angular rota- 
tion. Alternatively, the initial portion may lead 
directly into the terminal portion without the 
interposition of an intermediate portion. In a 
particularly favoured embodiment of drive sys- 
85 tern according to the invention, said current- 
regulating means may be responsive to said 
rotor-position dependent signal to regulate 
said current magnitude so that said instantane- 
ous current values during said angular incre- 
90 ment of rotor rotation substantially define a 
S'lhstantiallv sinusoidal halfwave. The sinusoi- 
dal halfwave thus extends in operation of the 
system over the angular increment of rotor 
rotation during which the winding is energised. 
95 This angular increment is determined by the 
number of poles and their relative angular ex- 
tents and in a preferred arrangement is sub- 
stantially one-half of the angular rotational dis- 
placement or me rotor corresponding to one 
100 electrical cycle. One electrical cycle of the ma- 
chine equates to an increment of mechanical 
rotation determined by the number of poles 
and phases, and the frequency of the si- 
newave during operation of the machine is 
105 thus established by machine rotational speed 
in association with these constructional char- 
acteristics of the machine. This arrangement in 
which sinewaves are fed into the machine 
windings is especially favoured for a four- 
1 10 phase machine, m which the waveshapes for 
successive phases will be displaced by 90', 
i.e. the electrical phase angle. 

In a particular embodiment of the current- 
regulating means, the or each position-depen- 
115 dent signal of the rotor-position sensing 

means may be a waveshape of appropriate 
configuration, such as a sinewave, and its in- 
stantaneous magnitude at eacn rotor position 
is used to establish an appropriate relative 
120 value for the winding current. In a further ad- 
aptation of this analogue realisation of the cur- 
rent-regulating means, the position-dependent 
signal or signals of the rotor position sensing 
means may be modified to provide one or 
125 more waveshapes of the desired configuration 
or said waveshapes may be derived from said 
signal or signals by suitable analogue circuit 
means. 

The drive system according to the invention 
130 may also comprise means for producing a sig- 
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nal, the value of which is indicative of a de- 
sired parameter of motor operation, said cur- 
rent-regulating means also being responsive to 
said parameter-indicative signal to reaulate 
5 sairl stator winding current so that ine abso- 
Tute~rhargnituue ot oaid current at every angular 
position of the rotor within said angular incre- 
ment of rotor rotation during which the wind- 
ing is connectible to said voltage source or a 
10 said voltage source is substantial'" determined 
by the value of said parameter-indicative siy- 
nal. This signal may suitably be a set speed 
signal, the relevant parameter thus being ma- 
chine speed, and it may applied to the cur- 
15 rent-regulating means in the form of a refer- 
ence voltage, variable between a predeter- 
mined positive value and a corresponding 
negative value to determine both direction and 
speed of rotation of the machine. The regulat- 
20 ing means accordingly establishes in response 
to the reference signal the appropriate abso- 
lute current magnitude required to develop the 
machine or motor torque necessary to bring 
the machine speed of rotation to the desired 
25 value called for by the level of the reference 
voltage, while its relative magnitude at each 
angular rotor position during the period of 
winding energisation is established by_the,£0- 
tor nosition sensor siqnai. I hus net machine 
30 torque is controlled to achieve a desired 
speed, while the phase torques during each 
revolution of the rotor are controlled to give 
substantially ripple-free phase-to-phase transi- 
tions by the relative current magnitude during 
35 each period of winding energisation being con- 
strained to follow an appropriate waveshape. 
In an alternative arrangement, the reference 
signal may be directly indicative of a desired 
level of torque. 
40 ' According to a further aspect of the inven- 
tion directed in particular to generating con- 
structions of systems according to the inven- 
tion, there is provided a drive system com- 
prising a saturable variable reluctance electrical 
45 machine, said electrical machine comprising a 
stator having a plurality of salient stator poles, 
a winding for each stator pole, and a rotor 
having a plurality of salient rotor poles, the 
number of rotor poles being less than the 
50 number of stator poles, the radial airgap be- 
tween each stator pole and a rotor pole posi- 
tioned in alignment therewith being small rela- 
tive to the dimensions of the poles transverse 
to said airgap and at least the rotor poles 
55 being formed so that in operation of the ma- 
chine magnetic saturation occurs substantially 
in the region of the mechanically variable inter- 
face or overlap between the stator and rotor 
poles, and the arcuate extents and disposi- 
60 tions of the rotor poles being related to those 
of the stator poles so that in operation of the 
machine the torque-producing angular incre- 
ment of rotor rotation resulting from the me- 
chanical interface or overlap of each rotor pole 
65 with a stator pole overlaps the torque-produc- 



ing angular increment of rotor rotation result- 
ing from the overlap of another rotor pole 
with a further stator pole, and the system also 
comprising rotor position-sensing means and a 
70 voltage source or sources connectible across 
the stator pole windings, said windings being 
connectible across said voltage source(s) in a 
predetermined sequence during rotor rotation 
and each stator pole winding being thus con- 
75 nectible for a predetermined angular increment 
of rotor rotation, and said windings also being 
connectible across an electrical load durina ro- 
tor rotation, also in a predetermined sequence, 
ana each stator pole winding being thus con- 
80 nectible for a predetermined further angular 
increment of rotor rotation. 

In operation of a variable reluctance machine 
as a motor, the windings, which undergo se- 
quential energisation to produce rotation in a 
85 selected direction, should not be energised to 
any significant extent during the periods while 
the rotor poles are moving away from their 
minimum reluctance positions in alignment 
with stator poles towards their maximum re- 
90 luctance positions in relation to these stator 
poles. In order to operate a machine according 
to the invention as a qenerator however, exci- 
tation of the windings may oe delayed so that 
torques opposing the direction of rotation are 
95 deliberately produced, and conservation of en- 
ergy then demands that nett currents are re- 
turned to the supply. Accordingly in this case 
voltage is only applied to the windings when 
substantial overlap of the rotor and stator 
100 poles has already taken place, i.e. after the 

greater part of the potential for producing for- 
ward torque is already past. Energisation of 
the windings takes place over a relatively brief 
angular increment of rotor rotation and termi- 
105 nates as the poles start to move into a rela- 
tionship tending to produce negative or rota- 
tion-opposing torque. The °nerpisina voltane 
should be as, high as possible and should only 
be applied over mis relatively brief increment 
1 10 of rotor rotation. Accordingly little current is 
then drawn from the supply but substantial 
fluxes are built up, which serve to energise 
the machine after the winding voltage is shut 
off near the minimum reluctance position. The 
1 15 energy stored in the flux must be returned 

during the further rotation of the machine, and 
thus, as the machine shaft is driven through 
the torque-opposing angular increment of rotor 
rotation by a prime mover, current is gener- 
120 ated and returned to the supply, which may 

be fed from the machine through free-wheeling 
diodes. 

Each rotor pole and each stator pole of a 
machine in accordance with the invention may 

125 have circumferentially spaced apart edge re- 
gions and said rotor and/or stator pole edge 
regions may be shaped so that the radial di- 
mension of the airgap and/or its axial extent 
will vary at least during the commencement of 

130 pole overlap. Pole shaping of this kind may be 



9 



GB2 167910A 



9 



arranged to cause the reluctance of the ma- 
chine to vary in a predetermined and con- 
trolled manner during the initial overlap of a 
pair of rotor poles with a pair of stator poles 
5 and thereby modify the shape of the static 
torque/rotor angle characteristic so as to re- 
duce in particular the rapid rate of rise of tor- 
que normally experienced at the commence- 
ment of pole overlap. The less drastic rates of 

10 change of phase torque thus achieved enable 
the torque-generating portion of each phase to 
be extended into the initial and terminal pole 
overlap regions of the static torque character- 
istic while still achieving relatively smooth tor- 

15 que transitions between phases, in that such 
transitions may be achieved with less drastic 
rates of change in the winding currents in the 
initial and terminal regions of the energising 
waveshapes than would be required were the 

20 static torque/angle characteristics unmodified. 
The establishment of an appropriate magni- 
tude for the winding current at each succes- 
sive rotor position during the angular incre- 
ment for which the winding is energised is 

25 also facilitated, in that the changes in current 
required between successive rotor positions 
follow a more regular pattern compared with 
those needed for unshaped poles, and it is 
thus easier for the current-regulating means to 

30 provide the required current waveshapes, 
especially at high rotational speeds. 

The surface portions of the poleface of each 
rotor pole and/or each stator pole in said 
edge regions may be radially displaced relative 

35 to the central surface portion of the poleface 
so that the the airgap between an edge region 
surface portion of the poleface and the pole- 
face of an aligned pole is greater than the 
airgap between the central surface portion of 

40 the poleface and the poleface of an aligned 
pole. Accordingly in this arrangement, the pole 
sh^oinn is achieved by curvinq the axially ex- 
tenomq eaae surfaces of the oolefaces rapially 
<jwav irom tne atrqap region to define a laraer 

45 airqap in these edae surtace reqions than pre- 
vails over the major extent of the poleface 
surface. 

each said edge region may be defined in the 
axial direction of the pole by a succession of 

50 edge region portions, each said edge region 
portion being circumferentially displaced rela- 
tive to the or each adjacent edge region por- 
tion of said edge region, and the circumferen- 
tial displacement of each said edge region 

55 portion being in the same circumferential di- 
rection relative to the preceding edge region 
portion so that said edge region is skewed 
relative to the axis of rotation of the roioi. In 
this case therefore, pole shaping is achieved 

60 by skewing the pole so that its edges have a 
twist about the axis of the rotor along their 
axial extent. 

The circumferential spacing of said edge re- 
gions of each pole may be substantially con- 

65 stant throughout the axial extent of the pole 



and the circumferential displacement of an 
edge region portion of one of said edge re- 
gions at one axial end of the pole relative to a 
said portion of the same edge region at the 
70 other axial end of the pole is between one 
quarter of the constant circumferential spacing 
of the edge regions of the pole and a value 
equal to said spacing. This particular construc- 
tion of skewed pole is found to be advan- 
75 tageous in variable reluctance machines in 
general, apart from its particular advantages in 
the drive system according to the first aspect 
of the present invention. Thus both in sys- 
tems in accordance with said first aspect and 

80 also in machines in accordance with the sec- 
ond aspect of the invention, said circumferen- 
tial displacement between said edge region 
portions at the axial ends of the pole may be 
approximately one-half of said arcuate extent 

85 and may subtend an angle at the rotor axis of 
not less than 5°. A preferred value ot said 
subtended anale is 10°. 

In a reluctance machine in accordance with 
this construction of the invention, the mag- 

90 netic permeance of each phase varies with ro- 
tor position in a controlled manner and abrupt 
changes of permeance with rotor position are 
avoided. The magnetic permeance may vary 
with rotor position in a substantially symmetri- 

95 cal manner, e.g. sinusoidally. Such character- 
istics may be achieved either by skewing the 
rotor poles or the stator poles or both, or by 
shaping the poles, e.g. at their tips, so that 
there a controlled variation in airgap with rotor 

100 position. A symmetrical static torque versus 
rotor angle characteristic is especially advan- 
tageous for reversibly operating machines such 
as motors and is particularly beneficial when 
used with control systems by virtue of which 

105 the phase windings are fed with currents ap- 
propriately tailored or selected to give sub- 
stantially smooth transfer of torque between 
the phases. 
The rotor in all constructions of the inven- 

110 tion is most suitably built up from a stack of 
laminations having substantially identical peri- 
pheries, each lamination being slightly skewed 
relative to its neighbour or neighbours. Pole 
shaping by skewing is constructionally simple 

115 and economical and is thus preferable to the 
more complex pole structures ot the Drior art, 
such as inose emoodytnq tanned teeth or un- 
dercut recesses. Surprisingly it has been found 
oy Doth theoretical studies and by experimen- 

120 tation that the extent of the pole skewing is 
significant in modifying in particular the rate at 
which torque rises at the start of the static 
torque against rotor angle characteristic and 
that moderate skewing (for example, where 

125 the circumferential displacement between said 
edge region portions at the axial ends of the 
rotor is approximately one quarter of the pole 
span between its tips, i.e. depending on the 
number of poles, irt-ygically subtends an angle 

130 at the rotor axis of 5° oi-less) is relatively 
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ineffective in modifying this initial torau* rise. 
In a preterred embodiment, the circumferential 
displacement between said axially outermost 
edge region portions is approximately one-half 
5 of the constant arcuate extent of the pole. 
Where this displacement varies between one 
quarter of the pole span between its tips and 
one-half of said span, the angle subtended at 
the rotor axis is then typically not less than 5° 

1C and a particularly favourable value of the sub- 
tended angle is approximately 10° in a typical 
construction of rotor, for example, with eight 
stator poles and six rotor poles. 
Suitably skewed poles may permit a sub- 

15 stantially symmetrical static torque/rotor angle 
characteristic to be achieved. Such a charac- 
teristic is of particular advantage in a con- 
struction of the drive system according to the 
invention in which the machine is required to 

20 be reversible, in that the current shaping re- 
quired to bring about smooth transitions be- 
tween the phase torques in operation is then 
substantially the same for each direction of 
rotation. Hence the stator windings may be 

25 energised with symmetrical current waveforms 
usable in both directions of rotation. 

In particular, in a system according to the 
invention incorporating a four-phase machine 
according to the second aspect of the inven- 

30 tion, in which the poles are suitable shaped, 
substantially sinusoidal static torque/rotor 
angle characteristics may be achieved, and en- 
ergisation of the stator windings with sinusoi- 
dal halfwaves, each of which extends over an 

35 angular increment of rotor rotation corre- 
sponding to that portion of the static tor- 
que/angle characteristic which will produce a 
phase torque in operation of the machine in 
the required direction of rotation, results in the 

40 phase torques in operation of the machine 
having substantially the form of sine squared 
waves, since the magnitudes of the phase tor- 
ques developed when the machine is ener- 
gised are substantially linearly proportional to 

45 the exciting currents at least in the normal 
operating range of such a machine and the 
static torque for each phase at each level of 
energising current itself follows a sinewave. In 
the four-phase machine, each succeeding 

50 phase is electrically displaced by 90°, and its 
energising half-sinewave may therefore be de- 
scribed by a cosine wave. The phase torques 
are similarly displaced in operation of the ma- 
chine and the phase torque sequentially suc- 

55 ceeding a sine squared phase torque wave 
has therefore the form of a cosine squared 
wave. Accordingly in the torque transitions, 
the outgoing sine squared torque and the in- 
coming cosine squared torque ideally sum to a 

60 substantially constant value, giving an excep- 
tionally smooth transfer of torque between the 
phases. 

In drive systems according to the invention, 
sinusoidal-form currents are found to give par- 
65 ticularly favourable operating results from the 



point of view of torque smoothness and re- 
duced noise and vibration. The controlled 
transfer of torque from phase to phase is 
especially effective in reducing the excitation 
70 of vibration modes and resonances in the phy- 
sical structure of the reluctance machine due 
to the elimination of abruptly rising torque 
characteristics. When sinusoidal halfwave cur- 
rents are associated with substantially sinusoi- 

75 dal static torque versus rotor angle character- 
istics, such as are achieved by the skewed 
rotor construction referred to previously, these 
sinusoidal-form currents also represent a sub- 
stantial optimum so far as minimisation of 

80 losses in the windings is concerned, in that 
the windings are substantially not energised 
except when useful torque can be developed. 
The absence of rotor windings in the machine 
of the invention results in the desired high 

85 ratio of torque to inertia while economical 
construction may be achieved in that the ma- 
chine and system of the invention do not re- 
quire the poles of the machine to be provided 
with permanent magnets. 

90 In a generator configuration of the machine 
of the invention, the winding of each pole 
may be associated with that of at least one 
other pole to define a phase of the machine 
and said associated windings may be connec- 

95 tible in parallel across a voltage source or vol- 
tage sources. In an alternative generator confi- 
guration of the machine of the invention, a 
field winding is provided, which sets up a 
constant flux divided between the phases of 
100 the machine in relation to their relative reluc- 
tances. These relative reluctances change as 
the rotor rotates and accordingly the phase 
winding flux linkages also change, giving 
phase voltages. 
105 The variable reluctance machines forming 
the subject of the present invention are suit- 
able for operation in applications requiring the 
highest levels of performance, such as, for 
example, servomotors in machine tools and 

1 10 robots. However their simplicity of construc- 
tion, in terms of moving parts and numbers of 
components, also renders them suitable for a 
wide range of general industrial applications 
also, including for example, drives for pumps, 

1 15 compressors and hoists etc. 

The relative mechanical simplicity of the ma- 
chines also gives then an inherent reliability, 
so that they are also suited to applications in 
which trouble-free operation is vital. Such ap- 

120 plictions include transfer lines, nuclear reac- 
tors, continuous industrial processes and 
space vehicles or satellites. 

The principles of operation of variable reluc- 
tance machines and stepping motors are now 

125 described having regard to Figs. 1 to 1 1 and 
14 of the accompanying drawings and em- 
bodiments of the present invention are then 
described having regard to Figs. 12 and 13 
and 15 to 26. 

130 Figure 1 is a schematic pictorial view of a 
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simple reluctance motor having two poles on 
both the rotor and the stator, 

Figure 2 is a diagram showing a trajectory 
in the flux-current plane for a linear magnetic 
5 system in the simple motor of Fig. 1, 

Figure 3 is a diagram showing a trajectory 
in the flux-current plane for a saturated mag- 
netic system in a variable reluctance motor, 
Figure 4 is a schematic end view of a four- 
10 phase variable reluctance motor having eight 
stator poles and six motor poles, 

Figure 5 is a diagram showing idealised 
phase current waveforms for clockwise rota- 
tion of the motor of Fig. 4 over one electrical 
15 cycle, 

Figure 6 is an outline end view of stator 
and rotor laminations for a practical construc- 
tion of variable reluctance motor having eight 
stator poles and six rotor poles, showing the 
20 rotor in the position of maximum reluctance 
for phase 1, 

Figure 7 is a diagram showing idealised sta- 
tic torques against rotor angle at constant cur- 
rent for each phase in an idealised motor in 
25 accordance with the construction of Fig. 6, 
with torque overlap between phases. 

Figure 8 is a diagram showing curves for 
static torque against rotor angle at constant 
current with torque overlap between phases 
30 for a three-phase variable reluctance motor 
having six stator poles and four rotor poles, 

Figure 9 is a diagram showing static torque 
against rotor angle for one phase of a three- 
phase variable reluctance machine at varying 
35 levels of stator current, 

Figure 10 is a diagram showing static tor- 
que against current for one phase of a four- 
phase machine with the rotor in the minimum 
reluctance position, 
40 Figure 7 7 is a cross-section through the ro- 
tor and stator of a two-hundred step per 
revolution permanent magnet stepping motor, 

Figure 12 is a block diagram of a variable 
reluctance motor drive system embodying the 
45 principles of the present invention, 

Figure 13 is a diagram showing static tor- 
ques against rotor angle for two phases of a 
four-phase VRM (variable reluctance motor) us- 
ing ramped or trapezoidal current waveforms 
50 for producing smooth transitions between indi- 
vidual phase torques, together with the result- 
ing motor phase torques in operation, 

Figure 14 shows the static torque versus 
rotor angle characteristic achieved by a parti- 
55 cular pole arrangement in a known construc- 
tion of reluctance motor, 

Figure 15 shows in side (b) and end (a) 
views, a rotor construction having skewed 
poles, 

60 Figure 16 shows in end view practical con- 
structions of rotor and stator laminations for a 
motor having a skewed pole rotor in accor- 
dance with Fig. 15, 
Figure 17 shows static torque against rotor 

65 angle curves for two adjacent phases of a 



variable reluctance motor having a skewed ro- 
tor according to Fig. 15, for different levels of 
exciting current. 

Figure 18 is a diagram similar to Fig. 13 
70 showing sinusoidal static torque versus rotor 
angle characteristics for two phases of a vari- 
able reluctance motor, halfwave sinusoidal cur- 
rent waveforms for energising these phases 
and the resultant phase torque outputs from 
75 the motor in operation for these phases when 
thus energised. 

Figure 19 is an end view (a) of a practical 
construction of a skewed rotor and its associ- 
ated stator showing an especially advan- 
80 tageous inter-relationship between rotor and 
stator for the VRM of a drive system accord- 
ing to Fig. 12 together with (b) an enlarged 
developed side view of some of the rotor and 
stator poles, showing the dimensional relation- 
85 ships between them, 

Figure 20 shows curves plotting static tor- 
que against rotor angle for one phase of the 
motor construction of Fig. 19, at varying 
levels of energising current, 
90 Figure 2 7 is a partial end view of a stator 
lamination in which the edge regions of the 
polefaces are shaped to provide a modified 
static torque against rotor angle characteristic, 

Figure 22 is a schematic diagram of an ana- 
95 logue realisation of a drive system according 
to the invention, 

Figure 23 is a circuit diagram of current re- 
gulators or controllers for the drive system of 
Fig. 22, 

100 Figure 24 is a circuit diagram of a speed 
regulator or controller for the drive system of 
Fig. 22. 

Figure 25 is a circuit diagram of multipliers 
for the drive system of Fig. 22, 
105 Figure 26 is a circuit diagram of a signal 
conditioner for the speed signals in the drive 
system of Fig. 22, 

Figure 27 shows a lamination of a stator 
construction for a generator in accordance 
110 with the invention, and 

Figure 28 is a schematic diagram of a sys- 
tem incorporating a generator according to the 
invention. 

As shown in Fig. 1, a simple reluctance mo- 

115 tor having a stator 1 and a rotor 2 has two 
stator poles 3 and 4 and two rotor poles 5 
and 6. The motor is excited by the application 
of an energising current i to a field winding N, 
the driving voltage being e. A flux 0 is 

120 thereby produced and a torque is exerted on 
the rotor so as to minimise the reluctance of 
the system. In the motor shown, this corre- 
sponds to maximising the overlap in the air- 
gap region g, so that the rotor will turn from 

125 the position illustrated through the angle of 
rotation 0 until its poles 5 and 6 are exactly 
aligned with the stator poles 3 and 4. The 
rotor is now stable in this position and cannot 
be moved further until the winding N is de- 

130 energised. In the simple motor illustrated, con- 
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tinuous rotation is not therefore possible and 
further phases must be added in order to pro- 
vide a machine capable of continuous oper- 
ation. 

5 The conversion of energy from the electrical 
input to work or a mechanical output is illus- 
trated in Fig. 2 for a linear magnetic system in 
which the reluctance of the airgap dominates 
total reluctance of the system. In this case the 

10 flux linkage is directly proportional to the ex- 
citing current at all levels of current and the 
work done during a displacement of the rotor 
through an angle 66 is represented by the 
area of the triangle OabO. It can be shown 

15 from theoretical considerations that the torque 
output of the rotor is proportional to the 
square of the exciting current and that the 
idealised mechanical work output of the sys- 
tem at constant current (ignoring losses) cor- 

20 responds to only one-half of the electrical en- 
ergy input. The remainder of the input energy 
is absorbed as stored energy in the system 
during the displacement. 
In a practical magnetic system, saturation of 

25 magnetic material means that the relationship 
between flux linkage and current varies with 
the exciting current and a maximum substan- 
tially constant level of flux linkage prevails 
once a certain level of exciting current has 

30 been reached. As in the case of the linear 
system, the relationship between flux linkage 
and exciting current varies for different rotor 
orientations and Fig. 3 shows a typical family 
of flux linkage versus exciting current curves 

35 for (1) an angle corresponding to the position 
of minimum reluctance of the rotor (fVmin), (2) 
a maximum reluctance rotor position (rVmax) 
and (3) a rotor angle ((Is) corresponding to the 
position of the rotor when the winding current 

40 is suppressed. The trajectory OaSO thus tra- 
versed corresponds to excitation of the wind- 
ing with a constant positive voltage between 
a rotor position shortly after its position of 
maximum reluctance and the rotor angular po- 

45 sition (os) at switch-off, and excitation with an 
equal negative voltage from the switch-off 
angle to the position of minimum reluctance. 
The output of mechanical energy during this 
displacement of the rotor between its posi- 

50 tions of maximum and minimum reluctance is 
represented by the area enclosed within the 
trajectory and it can be shown that in this 
case the torque produced is now directly pro- 
portional to the exciting current for incremen- 

55 tal current changes in the saturated region 
only, i.e. it is a linear function of that current 
rather than being proportional to its square, 
while the torque is also considerably increased 
(ignoring losses) compared with the linear 

60 magnetic system. However, it should be noted 
that this linear relationship does not hold true 
below the knee of the flux linkage vs. current 
curve. While losses reduce the overall gain in 
torque output, a substantial net improvement 

65 still prevails over the linear magnetic system. 



The stored energy in the saturated case is 
substantially reduced in relation to the energy 
converted to mechanical work, as can be seen 
from Fig. 3. It will however also be apparent 
70 from Fig. 3 that the behaviour of a reluctance 
machine in a saturated mode is highly non- 
linear and is not susceptible to simple analy- 
sis. 

In the practical construction of variable re- 

75 luctance motor shown schematically in Fig. 4, 
the doubly salient motor 7 has a stator 8 and 
a rotor 9. Saturation is achieved by a suitably 
small value of airgap and by the series-con- 
nected windings having sufficient ampere-turns 

80 to establish saturated conditions in the region 
of the airqap. Thus saturation in the region of 
pole overlap is brought about not only by se- 
lecting a suitable structure and suitable dimen- 
sions for the poles and but by also keeping 

85 the radial airgap between overlapping aligned 
poles to a minimum. The stator has eight in- 
wardly projecting poles 10 and the rotor has 
six outwardly directed poles numbered 1 1 to 
16 in Fig. 4. The motor has 4 phases, 

90 A,B,C,D, each consisting of a pair of wind- 
ings, e.g. A, A', on diametrically opposed sta- 
tor poles. Only one pair of rotor poles can be 
aligned with a pair of stator poles at any one 
time. The stator pole spacing is 45° while the 

95 rotor pole spacing is 60°, and the difference 
between these two values, i.e. 15°, defines 
the step angle of the machine, i.e. the angular 
distance through which the rotor will travel 
between the minimum reluctance position 
100 when a particular phase is energised and the 
minimum reluctance position for the adjacent 
phase. When phase A is energised, the rotor 
rotates so that poles 11 and 14 move into 
alignment with the stator poles of phase A. 
105 Further rotation through the next 15° incre- 
mental step is then brought about by energis- 
ing either phase B, for clockwise rotation, or 
phase D, for counter-clockwise rotation. This 
construction of reluctance motor is both self- 

I 10 starting and reversible but the direction of ro- 

tation is not dependent on the direction of 
current flow through the phase windings and 
is brought about exclusively by appropriate se- 
quential unipolar energisation of the phase 

I I 5 windings. 

One electrical cycle of the machine corre- 
sponds to that increment of mechanical rota- 
tion of the rotor required for each phase to be 
energised once and thus advance the rotor 

120 through a respective step angle before the se- 
quence of phase excitation recommences. In 
the four-phase motor the electrical cycle is 
equivalent to 60° mechanical, while in a six 
stator pole, four rotor pole three-phase ma- 

125 chine, the step angle will be 30° and the elec- 
trical cycle will extend over 90°. The duration 
of stator pole winding energisation necessary 
to achieve stepping advance of the rotor must 
at least equate to the step angle. Fig. 5 

130 shows idealised phase current waveforms over 
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one electrical cycle for the motor of Fig. 4, 
this corresponding to 60° of rotor mechanical 
rotation. The type of waveform illustrated is 
referred to as a step current waveform. Each 
5 phase is energised in sequence with a con- 70 
stant level of current throughout the interval 
corresponding to one step angle. This type of 
excitation is suitable for applications where in- 
cremental motion is required but results in a 
10 pulsating torque, an effect which is augmented 75 
at low speeds, resulting in a stepping or 
cogging motion. 

The abruptness of this stepping transition of 
torque from phase to phase may be partly 

15 alleviated by arranging the torque producing 80 
region of each outgoing phase to overlap with 
that of the incoming phase. Torque overlap 
between adjacent phases of a variable reluc- 
tance machine (VRM) may be achieved by 

20 suitable design of the machine with an appro- 85 
priate inter-relationship between the arcuate 
extents of the rotor and stator poles respec- 
tively and the period of excitation is then ex- 
tended to give the required torque overlap. 

25 Depending on the relative angular extents of 90 
the rotor and stator and the resultant duration 
of physical rotor and stator pole overlap dur- 
ing each electrical cycle of the rotation of the 
rotor, the period of winding energisation may 

30 be prolonged up to an angular increment of 95 
rotor rotation corresponding to substantially 
one-half of the electrical cycle, i.e. 30° in the 
four phase machine already mentioned. In this 
latter event, each torque generating portion of 

35 a phase will overlap with that of a preceding 100 
outgoing phase for the first half of an electri- 
cal cycle and with the torque-generating por- * 
tion of an incoming phase for the second half 
of the cycle, so that there will be substantially 

40 continuous torque overlap throughout each 105 
revolution of the rotor, with two phases 
always being active at any one time. However 
while simultaneous excitation of two phases is 
essential during overlap, it is not necessary 

45 for such simultaneous energisation to take 110 
place at all times, although it may do so 
where the period of excitation is prolonged as 
already noted. In many constructions, two 
phases may be energised only during torque 

50 overlap, and at other times, only one phase is 115 
energised. 

A practical construction of rotor and stator 
laminations for achieving such torque overlap 
is shown in Fig. 6. The four-phase machine 

55 illustrated is again doubly salient, the stator 120 
lamination 1 7 having inwardly projecting stator 
poles 18 and the rotor lamination 19 having 
complementary outwardly projecting rotor 
poles 20. The stator poles carry phase wind- 

60 ings for unipolar sequential energisation to de- 125 
velop reluctance torque by the tendency of 
each rotor pole pair to move into alignment 
with an excited stator phase. Rotor lamination 
19 is shown in the maximum reluctance posi- 

65 tion for phase 1 with adjacent rotor poles 20 130 



positioned so that the gap between them is 
symmetrically located relative to the diametral 
axis of the machine through the stator poles 
18 of phase 1. This maximum reluctance posi- 
tion for this phase may be used to give a 
rotor angle datum for controlling motor rota- 
tion and pictorialising motor behaviour by 
means of torque versus rotor angle and cur- 
rent versus rotor angle curves. 

Fig. 7 shows static torque versus rotor po- 
sition curves at constant current derived by 
energising each phase of a machine in accor- 
dance with Fig. 6 with a direct current and 
displacing the rotor through an appropriate an- 
gular distance, the torque value at each of a 
selected series of incremental rotor angles 
during this displacement being recorded. For 
each phase, positive and negative static tor- 
que curves will be plotted during this d.c. ex- 
citation, but by virtue of the sequential energi- 
sation of the stator phase windings for appro- 
priate angular increments of rotor rotation in 
operation of the motor, only positive or nega- 
tive torques respectively are developed in 
each phase during such operation depending 
on the selected direction of rotation of the 
rotor. Fig. 7 represents idealised static phase 
torques for a machine having laminations such 
as those of Fig. 6 and the relative dimensions 
of the stator pole 21 to the rotor pole 22 are 
as indicated schematically at the top of Fig. 7, 
the arcuate extent of the rotor pole therefore 
somewhat exceeding that of the stator pole in 
relative terms, while the absolute arcuate ex- 
tents of the poles are such that torque is 
developed in each phase before the pro- 
duction of torque by the preceding phase 
ceases. It can be shown from theory, assum- 
ing no fringing flux, that the tangential force 
between overlapping poles or attacted slabs 
commences with the start of pole overlap, 
which for the idealised curves of Fig. 7 begins 
a short angular distance after the maximum 
reluctance datum position of Fig, 6. Torque 
continues to be generated as overlap between 
the poles proceeds but the level of the torque 
is, in the ideal case, independent of the de- 
gree of overlap between the poles. The devel- 
opment of torque ceases when full overlap is 
achieved between the rotor and stator poles. 
The effect of the greater arcuate extent of the 
rotor pole relative to that of the stator pole 
and the non-development of torque during 
relative pole movement while there is com- 
plete overlap between the rotor and stator 
poles may be seen in Fig. 7 in the angularly 
short zero torque region or deadband between 
the positive and negative portions of the static 
torque curve for each phase. 

The phase torques of a practical motor in 
fact depart substantially from the ideal curves 
of Fig. 7. Examples of the phase torques to 
be expected in practice are shown in Fig. 8 
for the three phases of a three-phase six sta- 
tor pole four rotor pole machine, which is a 



further example of a self-starting and rever- 
sible configuration of VRM. At least part of 
the divergence of the curves of Fig. 8 from 
the idealised characteristics of Fig. 7 may be 
5 accounted for by fringing fluxes and non-lin- 
earities. Considering the characteristic for 
phase 1 shown in Fig. 8 initially around the 
maximum reluctance position (0°), the rotor 
poles and the stator poles for phase 1 are, in 

10 the particular construction for which the 
curves are plotted, a long way from overlap- 
ping. At about 10°, the rotor and stator poles 
come into close proximity and a region of ra- 
pidly rising torque commences. By approxi- 

15 mately 12°, actual overlap of the poles has 
commenced and the torque has risen to a 
value which remains largely constant for fur- 
ther advance in anr"3, with some roll-off due 
to bulk saturation effects in the flux paths. 

20 From approximately 37°, full overlap of the 
poles is approached and torque then rolls off 
very rapidly with further increase in angle, due 
to extensive and undesirable bulk saturation in 
the flux paths. In this particular construction, 

25 the torque at the points of intersection be- 
tween successive phases is approximately 
54% of peak torque, so that switching be- 
tween phases at these points still results in 
considerable torque ripple. An additional se- 

30 rious problem however in this construction, 
especially at low speeds, is the exceedingly 
rapid rise of torque at the commencement of 
pole overlap. Torque builds up to more or less 
its full value in the space of approximately 2° 

35 of rotor mechanical rotation, so that its effect 
is similar to that of an impulsive blow to the 
poles of the machine, setting up noise and 
vibration. 

Fig. 9 shows a family of static torque ver- 
40 sus rotor angle curves for phase 1 of Fig. 8 
for different values of phase current. The per- 
iod during which the torque is substantially 
constant is relatively greater for low values of 
exciting current, and the roll-off at the end of 
45 the characteristic is relatively less significant. 
However the rapid initial rise in torque can be 
seen to be a problem at all current levels and 
is not alleviated by a reduction in excitation 
current. 

50 In addition to the torque versus rotor angle 
curves of Figs. 8 and 9, curves for torque 
versus phase current may be plotted for each 
phase for each rotor angle. An example of a 
torque versus current characteristic for one 

55 phase of a four-phase machine with the rotor 
in a minimum reluctance position is shown in 
Fig. 10. As previously explained in relation to 
the trajectory of Fig. 3, for a saturated mag- 
netic system the relationship between torque 

60 and exciting current is in theory linear. In prac- 
tice, at low currents before saturation is 
established, the torque initially increases in 
proportion to the square of the current, and 
only when magnetic saturation is established, 

65 does the torque then continue to increase in 



linear relationship with the current. This 
change from magnetically linear conditions to 
magnetically saturated conditions is repre- 
sented by a gradual transition zone corre- 
70 sponding to the roll-off in the curve relating 
flux linkage to current for the saturated case, 
as exemplified by the curve for the minimum 
reluctance position of the rotor in Fig. 3. 
Above the knee of the B-H curve, torque is 
75 substantially linearly related to current. For the 
curve of Fig. 10, the relationship is generally 
linear above about 7A. The initial non-linearity 
of the relationship between torque and current 
at relatively low current values is also 
80 reflected in curves such as those of Fig. 9, 
where the incremental increase in torque for a 
specified increase in current will differ for suc- 
cessive similar incremental increases in cur- 
rent. In the system to which Fig. 9 relates, 
85 the incremental increase in torque for an in- 
crease in current from 5 to 10A will be seen 
to be different from that for an increase from 
10A to 15A, the increase in torque for the 
5 A current increase from 10A to 15A being 
90 substantially greater than that for the change 
in current from 5 A to 10A. However it will 
also be seen that for increases in current once 
the current exceeds about 20A, successive in- 
cremental increases in current will achieve 
95 substantially the same incremental change in 
torque over quite a wide range of current re- 
gardless of the actual current values delimiting 
the change. At very high levels of current, in 
excess of the maximum 60A value shown in 

100 Fig. 9, non-linearity again comes into play 
with the onset of bulk saturation, which is 
undesirable. Bulk saturation is also reflected in 
curves such as that of Fig. 10 by a roll-off in 
the relationship between torque and current at 

105 very high levels of current. For ease of control 
therefore, a variable reluctance motor is pre- 
ferably rated to operate in the region in which 
torque is substantially linearly related to cur- 
rent, and while the effects of torque linearity 

1 10 at low currents and torque roll-off at high cur- 
rents are then of little practical significance for 
stepping motor exemplifications of variable re- 
luctance machines, it further complicates appli- 
cation of the VRM to variable speed drives, in 

115 which in particular low current operation in the 
non-linear region of curves such as that of 
Fig. 10 may be unavoidable at low shaft 
speeds and under standstill conditions. 
An example of a 200 step permanent mag- 

120 net stepping motor using bipolar exciting cur- 
rents is shown in Fig. 1 1 , in which it will be 
seen that the teeth on the rotor and stator are 
constituted by respective substantially semi- 
circular cutouts in the external and internal 

125 peripheries of the rotor and stator respec- 
tively. It can be seen that the dimensions of 
the teeth are accordingly relatively small in re- 
lation to other dimensions of the rotor and 
stator and in particular, the airgap is then rela- 

130 tively large compared with the dimensions of 



15 



GB2 167910A 15 



the teeth, which it is believed results in the 
smoothed static torque versus angle character- 
istics of such motors, previously referred to in 
this specification. 
5 A variable reluctance motor drive system 
under torque control and embodying the prin- 
ciples of the present invention is shown in 
Fig. 12. As depicted in this Figure, the system 
has only an inner torque control loop, which is 
10 relevant to the present discussion, but in a 
typical practical construction, an outer speed 
control loop is also provided, the torque then 
being adjusted or controlled to meet a set 
speed signal in operation of the system. As 
1 5 shown therefore a four-phase reluctance motor 
23 drives a load 24 and has a rotor position 
sensor 25 associated with its shaft 30. The 
sensor may be for example an encoder gener- 
ating one or more streams of pulses which 
20 are electronically processed to provide shaft 
position information at a succession of angular 
intervals. Appropriate logic is employed to 
permit determination of the direction of rota- 
tion and a zero marker is also provided. A 
25 reference waveform generator 27 uses posi- 
tion information from the sensor 25, modified 
as required by sensor interface 26, to provide 
as an output, a signal indicative of the value 
of current required in each phase for each an- 
30 gular position of the shaft to achieve a desired 
shape of phase torque. The generator 27 has 
a further "set level" input adjustable by a 
controller or monitoring means, for determin- 
ing the actual value of the torque to be gener- 
35 ated, subject to the shape constraints also 
called for by the generator. The output signal 
from the generator 27, of a value determined 
by the combinations of rotor position signal 
and set level input, is applied to a current 
40 controller 28. which provides an output signal 
for each of the four phases of the motor in 
the form of a reference current waveshape. 
These reference waveshapes then provide gat- 
ing signals or inputs to a power converter 29 
45 in which the actual phase currents of the mo- 
tor are forced to track the reference current 
waveforms. For this purpose a signal indica- 
tive of the actual current in each phase is fed 
back to the current controller, so that the gat- 
50 ing signal forwarded to the converter from the 
controller 28 serves to produce the required 
phase current. 

The waveform generator 27 and the current 
controller 28 together form current magnitude 
55 regulating means by which the relative instan- 
taneous value of the exciting current in each 
stator winding at every rotor position can be 
controlled so that the energising current will 
have a waveshape suitable for achieving the 
60 phase torques desired during operation of the 
motor for smooth torque transitions between 
phases and minimisation of "hammer-blow". 
According to various constructions of the sys- 
tem of the invention, specific waveshapes 
65 may be produced by appropriate analogue 



means. In one such embodiment, the output 
of the sensor may be modified to provide a 
sinewave, the instantaneous magnitude of 
which at each rotor position is used directly 
70 to establish the appropriate relative value for 
the winding current. The current regulating 
means formed by generator 27 and controller 
28 is further responsive to the "set level" 
signal to establish an absolute magnitude for 
75 the current at each rotor position, while the 
relative value of the current at that position 
compared with its value at any and every 
other position is determined by the rotor posi- 
tion as signalled by the sensor 25. A digital 
80 control strategy is described in our co-pending 
Patent Application entitled "Control Systems 
for Variable Reluctance Motors". 

A particular strategy using ramped current 
magnitudes to overcome the problem of the 
85 initial rapid torque rise at the commencement 
of overlap and the torque ripple arising from 
switching between the roll-off portion of a 
phase coming to an end and the rising torque 
portion of a phase beginning pole overlap is 
90 illustrated in Fig. 13. The drawing is schema- 
tic only and is not intended to represent any 
particular machine characteristic. Static phase 
torques (t) are shown against rotor angle for 
phases A and B, together with current wave- 
95 forms (i) to be applied to these phases to 
yield a relatively smooth motor torque. The 
strategy involves switching current into a 
phase (as shown for phase A) at a controlled 
rate rising linearly but commencing only after 
100 the initial sharp static torque rise so that the 
torque (T) produced by this phase in operation 
of the motor rises at a controlled rate corre- 
sponding to the rate of current rise to a 
steady level of torque corresponding to the 
105 substantially constant torque portion of the 
static torque curve which prevails during the 
progression of pole overlap following the initial 
rise in the static torque curve at the com- 
mencement of pole overlap. Current in phase 
110 A is then similarly ramped down towards the 
end of this constant torque region, commenc- 
ing at the point where current for phase B 
begins its controlled rise. Thus the current 
magnitude remains substantially constant dur- 
115 ing an intermediate portion of the angular 

increment of rotor rotation during which each 
winding is energised. The initial and terminal 
portions of the increment of energisation have 
respectively, rising current magnitudes and fall- 
120 ing current magnitudes, and. as shown in the 
Figure, the rate of increase of current during 
the initial portion of the angular increment of 
rotor rotation is the same as the rate of de- 
cline of current during the terminal portion. 
125 Appropriate selection of the intersections be- 
tween these current curves will yield substan- 
tially riDDle-frep overall motor rnraue witnout 
the impulsive forces caused by the sharply ris- 
ing initial parts of the static torque character- 
130 istics. The phase torques in operation of the 



motor then consist of a succession of those 
portions of the individual static torque charac- 
teristics resulting from energisation of the indi- 
vidual phase windings at appropriate stages. 
5 The net motor torque during each transition 
between phases is computed by adding the 
individual phase torques during the transition. 
The waveforms required for the strategy of 
Fig. 13 may be derived by computation or 
10 experiment and constructed in operation by a 
system in accordance with Fig. 12, for 
example by an appropriate analogue construc- 
tion of the generator 27. 
However such ramped currents are not 
15 necessarily easily synthesised in an economi- 
cal construction by current-regulating means, 
such as an analogue embodiment of the gen- 
erator, especially at high rotational speeds, 
and in addition, phase to phase torque transi- 
20 tions may not necessarily be smoothed for 
each successive transition by similar ramps, in 
that the precise shapes of the static torques 
in the transition regions are to an extent af- 
fected by the polarities of the poles betwen 
25 which the transitions take place and are not 
necessarily identical for each such transition. 
Accordingly individual analogue ramp genera- 
tors may require to be specifically tailored for 
each phase to phase transition. In addition, it 
30 will be evident from Fig. 13 that since a pro- 
portion of the potential torque-generating 
capacity of each phase is not fully utilised or 
is not utilised at all, there is an effective der- 
ating of the machine, which while not unac- 
35 ceptable in many applications, is preferably 
avoided. In an alternative strategy, therefore, 
the shape of the static torque against rotor 
angle characteristic is modified to ease the 
rate of torque rise at the beginning of pole 
40 overlap, thu$ allowing phase currents to be 
switched during the initial commencement of 
pole overlap but without the current regulating 
means having to take account of the abrupt 
changes in torque experienced at this stage of 
45 overlap with characteristics such as those 
shown in Fig. 13. 

Modification of the shape of the static tor- 
que curve may be achieved by shaping either 
rotor or stator poles or both. In one known 
50 construction, the modified static torque versus 
rotor anqle characteristic shown in Fig. 14 
was achieved. I his substantially trapezoidal 
cnaracteristic has a smoothly rising ramp in 
substitution for the rapidly rising initial portion 
55 of the curves of Fig. 13 and a similarly falling 
ramp, albeit at a slightly different rate from 
the rising ramp, takes the place of the roll-off 
portion of the curves of Fig. 13. 

A construction of rotor according to the 
60 present invention for achieving a suitably mo- 
dified static torque against rotor angle charac- 
teristic is shown in Fia. 15. The rotor 48 con- 
sists ot a large number of laminations 49, 
each of which is identical with its neighbours 
65 but is slightly displaced rotationally about the 
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axis of the rotor, so that for laminations inter- 
mediate the ends of the rotor, the leading 
faces of the pole portions defined by each 
lamination are slightly in advance of those of 
70 the lamination to one axial side of it and 

slightly to the rear of the front pole edge de- 
fining faces of the lamination to its other axial 
side, this relative advance being in a circum- 
ferential direction about the axis of the rotor. 
75 Thus in this arrangement, the poles of the 
laminated rotor are skewed along the axial 
length of the rotor relative to its axis of rota- 
tion. In order to achieve this, each rotor lami- 
nation is slightly displaced relative to its axial 
80 neighbours in the laminated rotor assembly. 
The circumferential direction of this displace- 
ment is consistent throughout the length of 
the rotor, so that each lamination is either 
advanced or set back relative to its predeces- 
85 sor. Accordingly each rotor pole is skewed 
from one axial end of the rotor to the other, 
and the angle of skew as shown in Fig. 15 is 
15° about the axis of the rotor. This angle of 
skew is defined about the rotor axis between 
90 a rotor radius passing through the leading 

edge of the lamination at one pole at one end 
of the stack and that passing through the 
leading edge of the lamination at the other 
end of the stack at the same pole. 
95 Fig. 16 shows a practical construction of 
rotor lamination 49 suitable for the rotor of 
Fig. 15 together with an associated stator 
lamination 50. Fig. 17 shows the torque/rotor 
angle curves for the machine construction of 
100 Figs. 15 and 16 at a variety of levels of 

phase current, the rotor being skewed in ac- 
cordance with Fig. 15. It will be seen that at 
a low value of phase current, a somewhat 
trapezoidal static torque waveform is pro- 
105 duced, although the initial rising portion tends 
to roll off towards the constant torque portion 
rather than to rise towards it in a wholly linear 
manner. At higher values of phase current, the 
flat-topped portion of the curve becomes less 
110 significant and the curved nature of the rising 
and falling portions of the curve becomes 
even more apparent. At a large value of phase 
current, the similarity of the static torque 
curves to a sinewave becomes particularly 
115 marked. The curves of Fig. 17 relate to a 
construction of machine which is less than 
ideal in terms of specific output but the 
shapes ot the static torque curves for all ma- 
chines having similarly skewed rotor poles 
120 reflect the same features as those shown, ir- 
respective of the performance of the motor. 

The similarity of the static torque character- 
istics to sinewaves leads to a further strategy 
for producing smooth operation of a variable 
125 speed reluctance motor and one which yields 
a preferred system accordinq to the present 
invention. I his strategy is illustrated tor a 
four-phase machine in Fig. 18. The static tor- 
ques (t) for phases A and B are sinusoidal and 
130 each phase is then driven with a complemen- 



17 



GB2167910A 



17 



tary sinusoidal exciting current (i). Accordingly 
the motor phase torques (T) under operating 
conditions are then sine squared curves, which 
may be shown graphically by plotting static 
5 torque curves for different levels of phase cur- 
rent and transferring the appropriate torque 
values corresponding to the current in each 
phase at successive angular positions of the 
rotor onto the motor torque diagram to define 
10 the phase torques in operation. Considered in 
mathematical terms the static torques t A , t a 
etc. may be described by 

t A = K,.I.Sin(0) and 
15 t B = K I .I.Sin(0+9O°) = KJ.Cos{0) etc. 

where K, is a motor constant, so that for 
phase currents i A and i B , where 

20 i A = l„.Sin(0) and i B = l n .Cos<0), etc. 

I t( being the peak current, the phase torques 
(T A , T B , etc.) in operation of the motor will be 

25 T 4 = K,l ( ,Sin ? (f7) and T 8 = K ( .l„.Cos 2 (r7), etc. 

Thus the 90° phase displacement between 
phase A and phase B as shown in Fig. 18 
means that if the phase torque in operation of 

30 the motor for phase A is proportional to sine 
squared, then that for phase B is proportional 
to cosine squared. Assuming operation in the 
saturated region and similar magnetic circuit 
conditions for each phase, the torque exerted 

35 by the motor during transition between phases 
will then remain constant, since the sum of 
the squares of the sine and cosine of the 
same angle equates to unity. This strategy is 
favoured over the supply of trapezoidal wave- 

40 forms in that sinusoidal waveshapes have 

slower rates of change than do step or trape- 
zoidal waveforms at their abrupt transition 
points, and sharp changes of torque may 
therefore be avoided. In addition to this a ma- 

45 chine having a skewed rotor and fed with cor- 
responding sinusoidal energising currents is 
siqnificantly quieter than known machine*; of 
traditional construction, while since current is 
applied to the winaings only when it is 

50 capable of doing useful work by developing 
torque, and also at all times when it so 
capable, there is better copper utilisation than 
in a machine with conventional poles, as well 
as reduced copper losses. 

55 t-'ig. 19 shows a particularly advantageous 
arrangement of skewed rotor and its relation- 
ship with a stator, in a system embodying the 
principles of the invention, together with a de- 
velopment in transverse view of some of the 

60 poles of the rotor and stator to illustrate pre- 
ferred circumferential dimensional relationships. 
It will also be apparent from this Figure that 
the poleface surfaces of the driving or stator 
poles define substantially continuous surfaces 

65 facing the airgap, as compared with the 



toothed poleface structure of the permanent 
magnet stepping motor shown in Fig. 1 1. The 
stator 51 has eight poles 52 to 59, each of 
which extends over an arcuate extent of 30° 
70 and is spaced from its neighbours by a gap of 
15°. The rotor 60 has six poles 61 to 66 and 
is formed of a stack of laminations, the arcu- 
ate extent of each outer peripheral portion of 
each pole being 20°, and each such outer per- 
75 ipheral portion being separated from that of 
the next pole by a gap of 40°. The rotor has 
a skew of 10°. Accordingly the total arcuate 
extent of the envelope occupied in space by 
each rotor pole between its most leading edge 
80 portion and its most trailing edge portion is 
30°, i.e. the same arcuate dimension as each 
stator pole. Similarly the arcuate extent of the 
gap'Between the rearmost part of the rear- 
most lamination of each rotor pole and the 
85 foremost part of the leading lamination of the 
following pole is also 30°. Accordingly, when 
one pair of rotor poles, 61 and 64, is aligned 
with stator poles 52 and 56 as shown in Fig. 
19, the iron of the rotor poles is positioned 
90 exactly beneath the iron of the stator poles, 
with no part of the rotor pole lying outboard 
of the stator pole or vice versa. 

Similarly the gaps between poles 62 and 63 
and 65 and 66 respectively are precisely 
95 aligned with poles 54 and 58, with no rotor 
iron whatever underlying these stator poles. 
This inter-relationship between rotor and sta- 
tor gives especially efficient transition between 
phases, and the static phase torque character- 

100 istics do not exhibit the zero torque deadband 
portions shown on the characteristics of, for 
example, Fig. 7. A further advantageous fea- 
ture of the rotor lamination of Fig. 19 is the 
tapering of the rotor poles in an outward di- 

105 rection from their bases where they merge 
into the central circularly apertured part of the 
lamination by which the lamination is received 
on the motor shaft. 
Pole taper is an especially advantageous fea- 

1 10 ture of particular embodiments of the motor 
of the invention described herein, namely radi- 
ally outward taper on the rotor poles, so that 
these poles narrow towards their tips, and a 
widening of the stator poles towards their ra- 

1 15 dially inner tips, so that the pole faces of the 
rotor and stator may be in substantial overly- 
ing alignment, in a peferred construction and a 
given angular relationship. 
Referring to the development of these poles, 

120 Rx1, the lamination span, plus Rx2, the skew, 
together sum to the rotor pole span at the 
pole tip. and 

Rx1 +Rx2 = Sx1 

125 

where Sx1 is the stator pole span at the pole 
tip. Rx3, the rotor interpole gap between rotor 
pole tips, also equates to Sx1. Because of the 
rotor pole skew, the stator pole tip does not 
130 entirely cover or overlie rotor iron when the 
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rotor and stator poles are aligned. Accordingly 
the stator pole tip is of greater size than the 
magnetic circuit strictly requires and it tapers 
inwardly to a reduced cross-section or waist, 
5 Sx2, located between the pole tip and the 
base of the pole, Sx2 being less than Sx1. 
This waistinq of the stator Doles gives in- 
creased copper area or space. 

I he skew is defined by the ratio of Rx2 to 
10 Rx1. In a preferred construction, 

Rx2 

Rx1 ? 

15 

In a four-phase machine, this skew ratio has 
the surprising result of giving good sinusoidal 
static" torque characteristics without siqniti- 
cdMiiy affecting or reducing the net torque out- 

20 put of the machine. In a three-phase machine, 
where flat-topped sinusoids are required, this 
skew ratio is typically less than 

While this aspect of the invention has been 
described with particular relevance to an eight 

25 stator pole, six rotor pole arrangement, it is in 
no way limited to such a construction and 
greater or lesser numbers of poles may also 
be used. Also in addition to the one tooth per 
pole constructions of rotor and stator already 

30 described and illustrated, each pole face may 
be divided to provide two or more teeth, and 
this may be advantageous in certain circum- 
stances. 

Fig. 20 shows static torque characteristics 

35 at a variety of current levels for a rotor having 
laminations in accordance with Fig. 19. The 
sinusoidal nature of these characteristics will 
be especially apparent in this construction 
which has a favoured relationship between the 

40 rotor and stator pole arcuate extents. 

The skewed rotor construction described in 
relation to inter alia the preceding Figs. 15, 16 
and 19 is especially applicable to a drive sys- 
tem according to the invention in which sinu- 

45 soidal current waveshapes are input to the 
stator windings. It is however also usable with 
other waveforms of stator current and is not 
neccessarily limited to sinusoids. It will be 
particularly apparent from the static torque 

50 against rotor angle characteristics shown in 
Fig. 20 that the characteristics achieved by 
rotor skewing are also substantially symmetri- 
cal, which is especially advantageous in a bidi- 
rectional motor, whether in conjunction with 

55 current shaping or not. The angle of skew has 
been found to be significant and a favoured 
degree or sKew is snownjn the preferred con- 
struction or riq. 19. 
However the drive system of the invention 

60 as described in relation to Fig. 12 may also 
advantageously be associated with the alterna- 
tive form of pole shaping shown in Fig. 21. 
Two adjacent stator poles 67 and 68 each 
have respective polefaces 69 and 70. The 

65 central regions of these polefaces are dis- 



posed at a constant airgap from the path tra- 
versed by rotor polefaces passing beneath 
them but in their edge regions, the polefaces 
have respective profiled surface portions 7T 

70 and 72 where the airgap increases cicumferen- 
tially outwardly of the pole by virtue of the 
poleface surfaces in these edge regions being 
progressively set back from a notional circum- 
ferential continuation of the central regions of 

75 the polefaces of the respective poles. Thus 
each poleface has profiled surface portions in 
its edge regions, so that the airgap between 
the stator pole and an aligned rotor pole is 
greater along the edges of the stator pole, as 

80 compared with its central region. At the cir- 
cumferentially outward ends of these edge re- 
gions, the polefaces end at tips 73 and 74, 
where the poleface surfaces merge with radial 
surfaces extending into the interpole spaces 

85 where the windings are received. Pole shaping 
of this kind also achieves a reduction in the 
rate of torque change, especially on initial 
overlap, and in particular in conjunction with 
current shaping, enables the torque transitions 

90 to be smoothed and noise and vibration in 
operation of the machine to be substantially 
minimised. In addition, each stator poleface 
can be seen to have a substantially continuous 
surface without abrupt changes of profile in 

95 the arrangement shown in Fig. 21. 

A particular and surprising feature of the in- 
vention is the reduction in noise production 
when the phase windings are connected in 
parallel rather than in series. In a series con- 
100 nection, the magnetomotive forces in the air 
gaps are equated, and the fluxes are deter- 
mined by th air gaps themselves, so that any 
differences between the air gaps will lead to 
unbalanced fluxes. By connecting the phases 
105 in parallel, equal fluxes are forced on opposite 
poles and the displacement forces generated 
are substantially equal. A motor according to 
the invention mav a'*o incorporate a J^.\d coil, 
which excites all Dhases eaually and mav be 

1 10 used to modify the non-linear torque-current 
characteristics of the phases so that they be- 
come substantially linear over the normal oper- 
ating range of the motor. 

Fig. 22 shows in schematic diagrammatic 

1 15 form, an analogue circuit arrangement espe- 
cially suitable for but not limited to a six rotor 
pole, eight stator pole motor having skewed 
poles and a substantially sinusoidal static tor- 
que against rotor angle characteristic. The 

120 same reference numerals as those of Fig. 12 
are used for similar items. The sensor 25 is 
arranged to have an output which is in the 
form of two triangular wave-forms in quadra- 
ture and cyclic in 60* mechanical. These sig- 

125 nals are converted to sinusoidal waveforms by 
converters 75, giving sine and cosine waves. 
These sine and cosine waves serve to form 
correct reference current waveshapes for 
achieving smooth torque output in this em- 

130 bodiment. 
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Since positive and negative torque is 
created in the reluctance motor depending on 
the rotor position when each phase winding is 
energised, if a positive half-sinewave is asso- 
5 ciated with phase 1 for positive torque, then 
the inverted negative half cosine wave must 
be associated with phase 2, the inverted 
negative sine half-wave with phase 3 and th_ 
positive cosine half-wave with phase 4. For 
10 negative torque, the phase sequence is in- 
verted negative half-sinewave, positive cosine 
half-wave, positive sine half-wave and inverted 
negative cosine half-wave. Since only unidirec- 
tional currents are required in each phase, the 

15 two-quadrant power controller is arranged to 
respond to current in one direction only, so 
that its output is one half-cycle for each of 
the full waveforms applied to it, and each 
phase is energised in turn by half waves of 

20 the same polarity. 

In Fig. 22, a further output from the sensor 
interface 26 provides a speed output signal 
which is associated with a speed demand sig- 
nal to provide an input to a speed controller 

25 76, the output of which is a torque demand 
signal. This torque demand signal is applied 
along with one of the sine or cosine waves 
generated by the converters 75 to respective 
analogue multipliers 77 and 78. The output of 

30 multiplier 77 is then a sine wave and that of 
multiplier 78 a cosine wave, the relative in- 
stantaneous magnitudes of these output sig- 
nals following the sine and cosine waves de- 
termined by the converters 75 while their ab- 

35 solute magnitudes are set by the torque de- 
mand signal. In the case of regular sinewaves 
used in the present construction of control 
systems, this torque demand signal may be 
the peak value of the wave, which then deter- 

40 mines the current level at all other points 
along the waves, but this is not necessarily 
the case for other waveforms. Following the 
analogue multipliers, the sine wave and cosine 
wave are each paralleled by an inverted sine 

45 and cosine wave respectively and these four 
signals are applied to current controllers 79, in 
which current feedback signals from the phase 
windings are associated with the sine and co- 
sine signals to provide actual current demand 

50 signals for the power converter 29. The final 
output signals from the current controllers 79 
are applied to comparators 80, which also 
have high frequency inputs for pulse width 
modulation in known manner. The PWM input 

55 is modulated in each case by the set level 
signal from the current controller 79 and the 
resulting outputs provide said current demand 
signals for the two-quadrant power converter 
29. 

60 Figs. 23 to 26 are circuit diagrams of exem- 
plifications of certain of the components or 
units of the drive system of Fig. 22. Fig. 23 
shows the current regulators or controllers 79, 
while Fig. 24 shows the speed controller or 

65 regulator 76. The multipliers 77 and 78 are 



illustrated in Fig. 25, and the sensor signal 
interface or triangle-sine converters 75 are de- 
picted in Fig. 26. The detailed operation of 
these circuits will be apparent from the Fig- 
70 ures and is accordingly not the subject of de- 
tailed description herein. 

In Fig. 27, a generator configuration of sta- 
tor lamination for a machine according to the 
invention is shown. Lamination 101 has six 
75 stator poles for operation with a four-pole ro- 
tor. Two of the interpole spaces which re- 
ceive the stator windings are enlarged to ac- 
commodate a field winding, indicated by refer- 
ence 102. When energised, this field winding 
80 sets up a constant flux, indicated by 0 in the 
hiyure, which divides between the three 
phases of the machine on the basis of their 
relative reluctances. As the rotor rotates, the 
relative permeance of the phases changes, so 
85 that flux linkages of the phase windings also 
change and accordingly phase voltages are 
produced. The structural features, viz. skewing 
etc., applicable to variable reluctance motors 
according to the invention in order to shape 
90 their torque outputs so that the phase torques 
become substantially sinusoidal functions of 
rotor angle, may also be applied to shape the 
voltane output of a generator according to tnis 
imbodiment ot the invention. 
95 riy. z& snows a scnematic diagram of a 
three-phase generator according to this aspect 
of the invention, in which the field winding 
102 is energised by a DC source and the 
three phase windings 103 are connected in 
100 star to the three phases of a load 104. 

CLAIMS 

1. A drive system comprising a saturable 
variable reluctance electrical motor, said motor 

105 comprising a stationary or driving member 
having a plurality of salient driving poles, a 
magnetising winding for each driving pole, and 
a movable or driven member having a plurality 
of salient driven poles, the number of driven 

1 10 poles being less than the number of driving 
poles, the airgap between each driving pole 
and a driven pole positioned in alignment 
therewith being small relative to the dimen- 
sions of the poles transverse to said airgap 

115 and at least the driven poles being formed so 
that in operation of the motor magnetic satu- 
ration occurs substantially in the region of the 
mechanically variable interface or overlap be- 
tween the driving and driven poles, and the 

120 extents and dispositions of the driven poles 
being related to those of the driving poles so 
that in operation of the motor the force-pro- 
ducing increment of driven member displace- 
ment resulting from the mechanical interface 

125 or overlap of each driven pole with a driving 
pole overlaps the force-producing increment of 
driven member displacement resulting from the 
overlap of another driven pole with a further 
driving pole, and the system also comprising 

130 driven member position-sensing means for 
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generating at least one signal, the instantane- 
ous value of which is dependent on the posi- 
tion of the driven member, and power supply 
means including a voltage source or sources 
5 connectible across the driving pole windings, 
said windings being connectible across said 
source or a said source in a predetermined 
sequence during driven member displacement 
and each driving pole winding being thus con- 

10 nectible for a predetermined increment of 
driven member displacement, and the power 
supply means also including means for regulat- 
ing the instantaneous magnitude of the current 
in a driving pole winding when connected to 

15 said source or a said source, said current- 
regulating means being responsive to the or a 
said driven member position-dependent signal 
of the driven-member position-sensing means 
to regulate said current magnitude so that the 

20 instantaneous value of said current set by said 
regulating means at any position of the driven 
member within said increment of driven mem- 
ber displacement during which the winding is 
connectible to said source or a said source 

25 relative to its value at any other said position 
is substantially determined by the instantane- 
ous position of the driven member. 

2. A drive system according to claim 1, 
wherein the poleface of at least each driving 

30 pole defines a substantially continuous surface 
facing said airgap. 

3. A drive system according to claim 1, 
comprising a saturable variable reluctance elec- 
trical motor, said motor comprising a stator 

35 having a plurality of salient stator poles, a 
magnetising winding for each stator pole, and 
a rotor having a plurality of salient rotor poles, 
the number of rotor poles being less than the 
number of stator poles, the radial airgap be- 
40 tween each stator pole and a rotor pole posi- 
tioned in alignment therewith being small rela- 
tive to the dimensions of the poles transverse 
to said airgap and at least the rotor poles 
being formed so that in operation of the mo- 

45 tor magnetic saturation occurs substantially in 
the region of the mechanically variable inter- 
face or overlap between the stator and rotor 
poles, and the arcuate extents and disposi- 
tions of the rotor poles being related to those 

50 of the stator poles so that in operation of the 
motor the torque-producing angular increment 
of rotor rotation resulting from the mechanical 
interface or overlap of each rotor pole with a 
stator pole overlaps the torque-producing an- 

55 gular increment of rotor rotation resulting from 
the overlap of another rotor pole with a fur- 
ther stator pole, and the system also compris- 
ing rotor position-sensing means for generat- 
ing at least one signal, the instantaneous value 

60 of which is dependent on the angular position 
of the rotor, and power supply means includ- 
ing a voltage source or sources connectible 
across the stator pole windings, said windings 
being connectible across said source or a said 

65 source in a predetermined sequence during ro- 



tor rotation and each stator pole winding be- 
ing thus connectible for a predetermined angu- 
lar increment of rotor rotation, and the power 
supply means also including means for regulat- 

70 ing the instantaneous magnitude of the current 
in a stator winding when connected to said 
source or a said source, said current-regulating 
means being responsive to the or a said rotor 
position-dependent signal of the rotor posi- 

75 tion-sensing means to regulate said current 
magnitude so that the instantaneous value of 
said current set by said regulating means at 
any angular position of the rotor within said 
angular increment of rotor rotation during 

80 which the winding is connectible to said 

source or a said source relative to its value at 
any other said angular position is substantially 
determined by the instantaneous angular posi- 
tion of the rotor. 

85 4. A drive system according to claim 3, 
wherein the poleface of at least each stator 
pole defines a substantially continuous surface 
facing said airgap. 

5. A drive system according to claim 3 or 
90 claim 4, wherein said current-regulating means 

is responsive to said rotor-position dependent 
signal to regulate said current magnitude so 
that successive instantaneous values of said 
current during an initial portion of said angular 
95 increment of rotor rotation during which the 
winding is connectible to said source or a said 
source increase progressively with progressive 
rotation of the rotor and successive instanta- 
neous values of said current during a terminal 
100 portion of said angular increment decrease 
progressively with said progressive rotation. 

6. A drive system according to claim 5, 
wherein said current-regulating means is re- 
sponsive to said rotor-position dependent sig- 

105 nal to regulate said current magnitude so that 
the rate at which successive instantaneous 
values of said current decrease during said 
terminal portion of said angular increment of 
rotor rotation is substantially the same as the 
1 10 rate of increase of successive instantaneous 
current values during said initial portion and 
the succession of instantaneous current values 
over said angular increment of rotor rotation 
substantially defines a substantially symmetri- 
115 cal current waveshape extending over said an- 
gular increment. 

7. A drive system according to claim 6, 
wherein said current-regulating means is re- 
sponsive to said rotor-position dependent sig- 
120 nal to regulate said current magnitude so that 
successive instantaneous values of said cur- 
rent during said initial portion of said angular 
increment of rotor rotation substantially define 
the rising current region of a substantially si- 
125 nusoidal current halfwave and successive in- 
stantaneous values of said current during said 
terminal portion of said angular increment sub- 
stantially define the falling current region of a 
substantially sinusoidal current halfwave. 
130 8, A drive system according to claim 6 or 
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claim 7, wherein an intermediate portion of 
said angular increment of rotor rotation is in- 
terposed between said initial and terminal por- 
nom>. 

5 9. A drive system according to claim 8, 
wherein said current magnitude remains sub- 
stantially constant during said intermediate 
portion of said angular increment of rotor rota- 
tion. 

10 10. A drive system according to claim 6, 
wherein said current-regulating means is re- 
sponsive to said rotor-position dependent sig- 
nal to regulate said current magnitude so that 
said instantaneous current values during said 

15 angular increment of rotor rotation substan- 
tially define a substantially sinusoidal halfwave. 

11. A drive system according to any of 
claims 3 to 10, further comprising means for 
producing a signal, the value of which is in- 

20 dicative of a desired parameter of motor oper- 
ation, said current-regulating means also being 
responsive to said parameter-indicative signal 
to regulate said stator winding current so that 
the absolute magnitude of said current at ev- 

25 ery angular position of the rotor within said 
angular increment of rotor rotation during 
which the winding is connectible to said vol- 
tage source or a said voltage source is sub- 
stantially determined by the value of said 

30 parameter-indicative signal. 

12. A drive system comprising a saturable 
variable reluctance electrical machine, said 
electrical machine comprising a stator having a 
plurality of salient stator poles, a winding for 

35 each stator pole, and a rotor having a plurality 
of salient rotor poles, the number of rotor 
poles being less than the number of stator 
poles, the radial airgap between each stator 
pole and a rotor pole positioned in alignment 

40 therewith being small relative to the dimen- 
sions of the poles transverse to said airgap 
and at least the rotor poles being formed so 
that in operation of the machine magnetic sa- 
turation occurs substantially in the region of 

45 the mechanically variable interface or overlap 
between the stator and rotor poles, and the 
arcuate extents and dispositions of the rotor 
poles being related to those of the stator 
poles so that in operation of the machine the 

5C torque-producing angular increment of rotor 
rotation resulting from the mechanical interface 
or overlap of each rotor pole with a stator 
pole overlaps the torque-producing angular 
increment of rotor rotation resulting from the 

55 overlap of another rotor pole with a further 
stator pole and the system also comprising 
rotor position-sensing means and a voltage 
source or sources connectible across the sta- 
tor pole windings, said windings being con- 

60 nectible across said voltage source(s) in a pre- 
determined sequence during rotor rotation and 
each stator pole winding being thus connecti- 
ble for a predetermined angular increment of 
rotor rotation, and said windinqs also beinq 

65 connectible across an electrical load during ro- 



tor rotation, also in a predetermined sequence, 
and each stator pole winding being thus con- 
nectible for a predetermined further angular 
increment of rotor rotation. 

70 13. A drive system according to any of 
claims 3 to 12, wherein each rotor pole and 
each stator pole has circumferentially spaced 
apart edg_ regions and said rotor and/or sta- 
tor pole edge regions are shaped so that the 

75 radial dimension of the airgap and/or its axial 
extent will vary at least during the commence- 
ment of pole overlap. 

14. A drive system according to claim 13, 
wherein surface portions of the poleface of 

80 each rotor pole and/or each stator pole in 
said edge regions are radially displaced rela- 
tive to the central surface portion of the pole- 
face so that the the airgap between an edge 
region surface portion of the poleface and the 

85 poleface of an aligned pole is greater than the 
airgap between the central surface portion of 
the poleface and the poleface of an aligned 
pole. 

15. A drive system according to claim 13 
90 or 14, wherein each said edge region is de- 
fined in the axial direction of the pole by a 
succession of edge region portions, each said 
edge region portion being circumferentially dis- 
placed relative to the or each adjacent edge 

95 region portion of said edge region, and the 
circumferential displacement of each said edge 
region portion being in the same circumferen- 
tial direction relative to the preceding edge re- 
gion portion so that said edge region is 
100 skewed relative to the axis of rotation of the 
rotor. 

16. A drive system according to claim 15, 
wherein the circumferential spacing of said 
edge regions of each pole is substantially con- 

105 stant throughout the axial extent of the pole 
and the circumferential displacment of an edge 
region portion of one of said edge regions at 
one axial end of the pole relative to a said 
portion of the same edge region at the other 

1 10 axial end of the pole is between one quarter 
of the constant circumferential spacing of the 
edge regions of the pole and a value equal to 
said spacing. 

17. A saturable variable reluctance electri- 
115 cal machine comprising a stationary or driving 

member having a plurality of salient driving 
poles, a winding for each driving pole, a mov- 
able or driven member having a plurality of 
driven poles, the number of driven poles being 

120 less than the number of driving poles, the air- 
gap between each driving pole and a driven 
pole positioned in alignment therewith being 
small relative to the dimensions of the poles 
transverse to said airgap and at least the 

125 driven poles being formed so that in operation 
of the machine magnetic saturation occurs 
substantially in the region of the mechanically 
variable interface or overlap between the driv- 
ing and driven poles, the extents and disposi- 

130 tions of the driven poles being related to 
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those of the driving poles so that in operation 
of the machine the force-producing increment 
of driven member displacement resulting from 
the mechanical interface or overlap of each 
5 driven pole with a driving pole overlaps the 
force-producing increment of driven member 
displacement resulting from the overlap of 
another driven pole with a further driving pole, 
each driven pole and each driving pole having 

10 edge regions spaced apart in the direction of 
relative displacement of the driven and driving 
members, said spacing of said edge regions 
being substantially constant throughout the ex- 
tent of the pole in a direction transverse to 

15 said direction of relative displacement and 
each said edge region being defined in said 
transverse direction of the pole by a succes- 
sion of edge region portions, each said edge 
region portion being displaced in said direction 

20 of relative displacement with respect to the or 
each adjacent edge region portion of said 
edge region, each said edge region portion 
being advanced in said direction of relative 
displacement with respect to the preceding 

25 edge region portion or each said edge region 
portion being set back in said direction of 
relative displacement with respect to the pre- 
ceding edge region portion so that said edge 
region is skewed relative to said direction of 

30 relative displacement, and the spacing in said 
direction of relative displacement between the 
edge region portion at one transverse end of 
one of said edge regions of the pole and that 
at the other transverse end of the same edge 

35 region being between one quarter of the con- 
stant extent of the pole in said direction of 
relative displacement and a value equal to said 
extent. 

18. A saturable variable reluctance electri- 
40 cal machine according to claim 17, wherein 

the poleface of at least each driving pole de- 
fines a substantially continuous surface facing 
said airgap. 

19. A saturable variable reluctance electri- 
45 cal machine according to claim 17, comprising 

a stator having a plurality of salient stator 
poles, a winding for each stator pole, a rotor 
having a plurality of rotor poles, the number 
of rotor poles being less than the number of 

50 stator poles, the radial airgap between each 
stator pole and a rotor pole positioned in 
alignment therewith being small relative to the 
dimensions of the poles transverse to said air- 
gap and at least the rotor poles being formed 

55 so that in operation of the machine magnetic 
saturation occurs substantially in the region of 
the mechanically variable interface or overlap 
between the stator and rotor poles, the arcu- 
ate extents and dispositions of the rotor poles 

60 being related to those of the stator poles so 
that in operation of the machine the torque- 
producing angular increment of rotor rotation 
resulting from the mechanical interface or 
overlap of each rotor pole with a stator pole 

65 overlaps the torque-producing angular incre- 



ment of rotor rotation resulting from the over- 
lap of another rotor pole with a further stator 
pole, each rotor pole. anr» each stator pole 
having respective circumferentially spaced 

70 apart edge regions, the circumferential spacing 
of said edge regions being substantially con- 
stant throughout the axial extent of the pole 
and each said edge region being defined in 
the axial direction of the pole by a succession 

75 of edge region portions, each said edge region 
portion being circumferentially displaced rela- 
tive to the or each adjacent edge region por- 
tion of said edge region, the circumferential 
displacement of each said edge region portion 

80 being in the same circumferential direction 
relative to the preceding edge region so that 
said edge region is skewed relative to the axis 
of rotation of the machine, and the circumfer- 
ential displacement of the edge region portion 

85 at one axial end of one of said edge regions 
of the pole relative to that at the other axial 
end of the same edge region being between 
one quarter of the constant arcuate extent of 
the pole and a value equal to said arcuate 

90 extent. 

20. A saturable variable reluctance electri- 
cal machine according to claim 19, wherein 
the poleface of at least each stator pole de- 
fines a substantially continuous surface facing 

95 said airgap. 

21. A saturable variable reluctance electri- 
cal machine according to claim 19 or claim 

20, wherein said circumferential displacement 
between said edge region portions at the axial 

100 ends of the pole is approximately one-half of 
said arcuate extent. 

22. A saturable variable reluctance electri- 
cal machine according to any of claims 19 to 

21, wherein said circumferential displacement 
105 between said edge region portions at the axial 

ends of the pole subtends an angle at the 
rotor axis of not less than 5°. 

23. A saturable variable reluctance electri- 
cal machine according to claim 22, wherein 

110 said angle is approximately 10°. 

24. A saturable variable reluctance electri- 
cal machine according to any of claims 17 to 
23, wherein the winding of each pole is asso- 
ciated with that of at least one other pole to 

1 15 define a phase of the machine and said asso- 
ciated windings are connectible in parallel 
across a voltage source or sources. 

25. A saturable variable reluctance machine 
according to any of claims 17 to 23 compris- 

120 ing a field winding. 

26. A drive system according to any of 
claims 1 to 16, comprising a saturable vari- 
able reluctance electrical machine in accor- 
dance with any of claims 17 to 24. 
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